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Mitochondrial haplotypes contribute to functional diversity in natural 
populations. Uniparental inheritance makes it difficult to characterize the genetic 
architecture of mitochondrially driven phenotypes. In this work I explored the natural 
diversity of mitochondrial genomes in the yeast Saccharomyces cerevisiae. Few 
complete mitochondrial genomes were available for S. cerevisiae owing to challenges in 
high-throughput sequencing. I developed sequencing strategies using new technologies 
to generate complete high quality yeast mitochondrial genomes. Comparisons of 100 
complete yeast mitochondrial genomes demonstrated extensive variation between 
populations in coding sequences and variable introns. 
I demonstrated that these mitochondrial variants directly caused growth 
differences in strains with isogenic nuclear genomes but divergent mitochondrial 
genomes. Synthetic mitochondrial-nuclear combinations generally performed worse 
than coadapted combinations, consistent with mitonuclear coevolution. Using 
mitochondrial recombination that naturally occurs in S. cerevisiae I showed that the 
genetic architecture of these growth differences is complex and likely due to multiple 
loci. Mitochondrial recombinants showed poor growth in ecologically relevant 
conditions consistent with negative epistasis between mitochondrial loci (mito-mito 
epistasis). I generated recombinants between mitotypes from various populations and 
found significant estimates of mito-mito epistasis affecting growth that were more 
frequently negative in sign. Crosses between mitotypes from divergent populations also 
negative impacted fitness through the generation of progeny that cannot respire. 
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Negative mito-mito epistasis may act in concert with mitochondrial-nuclear epistasis as 
a post-zygotic barrier contributing to speciation. 
 I attempted to map mitochondrial variants that confer temperature dependent 
growth advantages through two methods. Using a bulk segregant approach I created 
large pools of mitochondrial recombinants and sequenced these pools before and after 
selection for high temperature growth to determine shifts in allele frequencies in 
response to selection. The sequencing pools showed evidence of low levels of 
recombination which were inconsistent with evidence of recombination events in 
sequencing reads. Simulations of recombination better support a low rate of 
recombination in the data. I also endeavored to map functional mitochondrial variants 
by identifying regions of the mitochondrial genome remaining after large deletions that 
still contained causative alleles. I did not identify a causative region but found evidence 
that several regions likely do not contain the causative site. The analyses presented here 
did not identify a causative site but did narrow the range of possibilities and showed 
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Chapter 1: Introduction 
1.1 Overview 
 Eukaryotic life depends on the function of both nuclear and cytoplasmic 
genomes, but many foundational questions remain unanswered regarding 
mitochondrial evolution. Variation in the mitochondrial genome (mtDNA) has functional 
consequences and thus mtDNA substitutions may not be predominantly neutral. 
However, much is unknown regarding the ecological forces shaping selection on mtDNA 
substitutions and the phenotypic impacts of naturally occurring mtDNA polymorphisms. 
The genetic underpinnings of functional mtDNA variation are largely uncharacterized 
due to a lack of recombination in many model systems.  
The mtDNA encodes critical genes that are central to the respiratory complexes 
of the electron transport chain and thus mtDNA variants likely impact organismal 
fitness. Interactions between mitochondrial and nuclear loci impact fitness both through 
direct associations of respiratory complex subunits and through nuclear genes requires 
for maintenance and expression of the mtDNA. Respiratory function also requires 
assembly of multiple mitochondrial subunits in Complex I, Complex IV, and Complex V. I 
propose that interactions between mitochondrial loci may also contribute to functional 
mitochondrial evolution. 
In this work, I make significant contributions understanding mitochondrial 
evolution using a model organism that naturally undergoes mtDNA recombination, the 
yeast Saccharomyces cerevisiae. In Chapter 1, I provide an overview of the structure of 
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the mtDNA and functions of its genes, mtDNA evolution, and the contributions of major 
model systems to demonstrating the functional impacts of mtDNA variation. In Chapter 
2, I describe sequence variation among the mtDNAs of over 100 yeast strains from 
diverse populations including population structure in coding sequences and highly 
variable introns. In Chapter 3, I show that mtDNA variants influence fitness through both 
direct effects and interactions with nuclear loci. I provide strong evidence that multiple 
mitochondrial variants contribute to yeast fitness and that negative interactions 
between mitochondrial loci can reduce fitness in recombinants. In Chapter 4, I discuss 
the importance of these findings to our understanding of mtDNA evolution and future 
research directions related to understanding selective forces on mtDNA variants. 
I also present unpublished findings related to the work described in Chapters 2 
and 3 in several appendices. In Appendix A, I show evidence that synthetic nuclear 
genome and mitotype combinations that do not occur in nature generally perform 
worse than those that have coevolved. In Appendix B, I discuss an attempt to map 
functional mtDNA variants using bulk segregant analysis and the implications of these 
findings for the rate of mtDNA recombination in S. cerevisiae. In Appendix C, I describe 
an attempt to map functional mtDNA variants using strains with induced large mtDNA 
deletions and the determination of several regions that likely do not contain causative 
alleles. In Appendix D, I show that crosses between divergent mtDNAs are more likely to 
result in a progeny that cannot respire than crosses between isogenic mtDNAs which 
can result in inviability of hybrids. In Appendix E, I show that interactions between 
mitochondrial loci in strains with recombinant mtDNA tend to reduce growth rate 
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relative to strains with parental mtDNA consistent with negative epistasis reducing 
hybrid fitness. The observed interactions change when recombinant mtDNAs are 
generated independently in different nuclear backgrounds, suggesting a role of mito-
mito-nuclear epistasis. In Appendix F, I describe how to run the code I have developed 
and made freely available for estimating growth rates of yeast colonies on solid media in 
a high throughput manner. 
1.2 Mitochondria: Essential to Eukaryotic Life 
1.2.1 Origin 
 Eukaryotes contain a genome enveloped in the nucleus and a secondary genome 
housed in the matrix of the mitochondria. The secondary genome arose as a 
consequence of endosymbiosis in which an ancestral bacteria, similar to modern α-
proteobacteria, was engulfed by the last universal eukaryotic common ancestor (MUÑOZ-
GÓMEZ et al. 2015). The specific details and timing of this event in the development of 
eukaryotes remain a subject of debate but it is believed that the acquisition played a 
pivotal role (ZACHAR and SZATHMÁRY 2017). The concentration of energy production in the 
mitochondria powered the evolution of complex life by reducing constraints on genome 
size and complexity (LANE and MARTIN 2010; LANE 2014). In plants, endosymbiosis of a 
cyanobacterium the acquisition of chloroplasts through endosymbiosis of a 
cyanobacterium defined another critical transition in eukaryotic evolution (KEELING 
2013). Understanding the functions of these organelles and the evolution of their 
genomes is vital to decrypting eukaryotic evolution. 
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1.2.2 Functions of the Mitochondria 
 In modern eukaryotes, mitochondria play a pivotal role in a variety of cellular 
functions. Aerobic respiration through the electron transport chain drives much of 
eukaryotic ATP production. The maintenance of mitochondrial membrane potential 
through respiration and other processes is critical to maintaining cellular homeostasis 
(OSELLAME et al. 2012; CORONA and DUCHEN 2014). Reactive oxygen species (ROS) are 
produced during respiration making the mitochondria a critical regulator of ROS levels 
and oxidative damage (RICHTER et al. 1995). Several signaling pathways have been 
discovered from the mitochondria to the nucleus suggesting that the production of 
factors such as ROS may be involved in cellular signaling (KNORRE et al. 2016). Uncoupling 
of the respiratory chain leads to mitochondrial thermogenesis (LOWELL and SPIEGELMAN 
2000). Mitochondria can maintain temperatures up to 10°C warmer than their 
surroundings (CHRÉTIEN et al. 2018). Mitochondria play a large role in apoptosis by 
sequestering important signaling molecules that initiate cell death (COOK et al. 2017). 
Many additional impacts of the mitochondria are still being explored such as links to 
aging (PICCA et al. 2017), cancer (CHOUDHURY and SINGH 2017), and the development of 
muscular, neurodegenerative, and other diseases (SCHAPIRA 2006). The many vital 
functions of the mitochondria suggest that genetic variation in the mtDNA could have 
profound impacts on organismal fitness. 
1.2.3 Gene Content 
 The vast majority of the gene content of the original organellar genomes has 
been transferred to the nuclear genome (GRAY 2012). Taxa vary in the mtDNA genes 
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retained but the core respiratory genes of Complex I (NAD genes), Complex III (COB), 
Complex IV (COX genes), and Complex IV (ATP genes) have a high degree of 
commonality across eukaryotes. Many factors may be involved in the retention of these 
genes including a central position in respiratory chain complexes, GC content, and 
hydrophobicity posing issues during translocation across mitochondrial membranes 
(JOHNSTON and WILLIAMS 2016). Mitochondrial tRNAs and ribosomal RNAs required for 
translating respiratory genes are also shared across eukaryotic taxa. The shared set of 
mitochondrial core genes despite vast evolutionary time scales suggest that powerful 
selection acts to preserve mitochondrial functions. 
Despite similarities in gene content the size and structure of the genome differs 
markedly between eukaryotic groups (see Figure 1). Animal mitochondrial genomes are 
typified by a small size (~16 kbp), lack of introns, and high gene density (SACCONE et al. 
1999). In contrast, the mitochondrial genomes of fungi vary markedly in size, ranging 
from ~19 kbp in Schizosaccharomyces pombe (BULLERWELL et al. 2003) to over 200 kbp in 
Sclerotina borealis (MARDANOV et al. 2014). The first complete sequenced S. cerevisiae 
mitochondrial genome for the laboratory strain, S288C, is approximately 85 kbp long 
with multiple introns and large intergenic regions rich in AT content interspersed with 
GC-rich regions (FOURY et al. 1998). S. cerevisiae mtDNAs range in size from 
approximately 75 to 85 kbp (ZAMAROCZY and BERNARDI 1985). Presence or absence of 
intron sequences and large intergenic spaces most likely explain size variation (LANGKJAER 
2003). S. cerevisiae encodes 9 proteins compared to the 13 in human mtDNA due to a 
shift of all NAD genes (Complex I) to the nuclear genome to a single nuclear encoded 
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peptide that fulfills the same role. The remaining genes in the S. cerevisiae mtDNA are 
the cytochrome B gene COB, three subunits of Complex IV (COX1, COX2, COX3), three 
subunits of Complex V (ATP6, ATP8, ATP9), a ribosomal protein VAR1 (aka rps3), two 
ribosomal RNAs (rnl and rns, aka 15S and 21S rRNA respectively), and 24 tRNAs. Plant 
mtDNAs are often significantly larger, upwards of 750 kbp in some lineages, encode a 
small number of additional genes not found in animal or fungal mtDNAs, and also 
contain large intergenic regions that undergo extensive rearrangements (GUALBERTO et 
al. 2014). Some of these additional genes are known to be involved in causing male 
sterility in gynodioecious plants (CHASE 2007). Genome complexity and size variation 
may be related to the intensity of functional constrains on mitochondrial respiration in 
divergent groups. Structural differences in mtDNAs could have large effects on 
mitochondrial function.  
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Figure 1.1 Structural Variation in mtDNA across diverse eukaryotes 
Structure of S. cerevisiae (accession KP263414.1), and human mtDNAs (NC_012920.1). 
Protein coding sequences are drawn as arrows with introns as thin arcs. 
Figure 1.1 Structural Variation in mtDNA across diverse eukaryotes 
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1.2.4 Modes of Inheritance 
The inheritance of mtDNA greatly affects evolutionary dynamics. The 
mitochondrial genome follows cytoplasmic inheritance which differs between taxa. The 
patterns of inheritance can be broadly split into three categories: uniparental, doubly 
uniparental, and bi-parental. Uniparental inheritance, in which the mitochondrial 
genome is inherited from a single parent (usually along the maternal lineage), is the 
most commonly studied form as it predominates in animals and many plants (BIRKY 
2001). Consequently, less is known about the evolutionary significance of the other 
patterns of inheritance. When uniparental inheritance is absolute, recombination 
between different mitochondrial lineages is impossible. 
Doubly uniparental inheritance is a unique mode found in bivalve molluscs. 
Females inherit only maternal mtDNA. Males inherit both but the paternal mtDNA is 
sequestered in male specific tissues (gonads), while the maternal mtDNA is found 
throughout somatic tissues (BRETON et al. 2007; PASSAMONTI and GHISELLI 2009). The lack 
of mixing between male and female mtDNA prevents recombination, making this mode 
more similar to uniparental inheritance than bi-parental. Although these genomes co-
exist within the organism there is evidence that they are diverging to satisfy different 
functional needs (SKIBINSKI et al. 2017). 
Bi-parental inheritance is the main mode for Saccharomyces cerevisiae and 
occurs in some fungi and plants (MOGENSEN 1996; SOLIERI 2010). Recombination between 
mtDNAs can occur in this case but how this leads to differences in maintenance of 
mitochondrial function compared to uniparental systems is not well studied. The mode 
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of inheritance influences critical evolutionary parameters including population size and 
recombination rate and thus is vital to understanding patterns of mitochondrial 
variation. Adaptive evolution is expected to be less efficient in taxa with uniparental 
inheritance whereas bi-parental inheritance could promote the efficacy of selection on 
mtDNA polymorphisms. 
1.2.5 Paternal Leakage 
Recombination can also be found in uniparental systems if the mechanisms 
eliminating the mtDNA from the opposite parent are not absolute, a process termed 
paternal leakage (WHITE et al. 2008). Recombination intermediates are present in human 
heart mtDNA suggesting the required molecular machinery is maintained broadly across 
eukaryotes, possibly due to a role in DNA repair (POHJOISMÄKI et al. 2009). Recombination 
in human somatic tissue can generate novel mitochondrial haplotypes, though the 
probability of inheritance of such haplotypes remains unknown (KRAYTSBERG et al. 2004). 
The frequency of paternal leakage is low in uniparental systems but does occur 
frequently in some organisms such as Drosophila simulans (WOLFF et al. 2013). Analysis 
of 267 diverse animal mtDNAs detected recombination which was likely due to paternal 
leakage in up to 14% of species as evidenced by significantly greater evidence of 
recombination than seen in parthenogenic species (PIGANEAU et al. 2004). 
Recombination can even occur across species lines as evidenced by an Atlantic salmon 
showing short introgressions from brown trout haplotypes (CIBOROWSKI et al. 2007) and 
exchanges in introns and short open reading frames in both closely related and distant 
yeast species (WU et al. 2015; PERIS et al. 2017). Inter-specific crosses may be more likely 
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to result in paternal leakage as sequence divergence could lead to faulty degradation of 
the paternal mitochondrial DNA (ROKAS et al. 2003). Although the different modes of 
inheritance can be readily defined, the degree of recombination may follow a more 
continuous distribution. 
1.3 Mitochondrial Evolution 
 The mitochondrial genome has presented an enigma in evolutionary biology 
since its discovery. Questions of its origin have defined fundamental queries into the 
very nature of eukaryotic life. The endosymbiotic theory has provided a powerful 
framework to understand why eukaryotes maintain multiple distinct genomes. More 
detailed questions regarding the evolutionary dynamics that govern the mitochondrial 
genome remain have stimulated a wealth of research into mitochondrial variation. How 
do mitochondrial polymorphisms arise? What selective forces govern the fate of these 
mutations to lead to substitutions between divergent lineages? How do the specific 
quirks of the mitochondrial genome lead to unique evolutionary phenomena distinct 
from nuclear patterns of evolution? In this section I review how mitochondrial 
polymorphisms, how they are shaped by mitochondrial copy number, and the different 
modes of selection that act on mitochondrial polymorphisms to influence organismal 
fitness. 
1.3.1 Mitochondrial Mutation Rate 
 The mutation rate of the mtDNA is higher than that found in the nuclear genome 
in the majority of taxa. The rate is approximately double for many invertebrates, but is 
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much higher for other eukaryotes (ALLIO et al. 2017). In S. cerevisiae the mitochondrial 
mutation rate is approximately 37 times higher than the nuclear mutation rate (LYNCH et 
al. 2008). Two main explanations have been invoked to explain higher mitochondrial 
mutation rates in vertebrates: lack of nuclear DNA repair pathways in the mitochondria 
and elevated exposure to oxidative damage. The mtDNA polymerase has exonuclease 
proofreading capacity that is essential to maintaining mitochondrial DNA stability 
(LONGLEY et al. 2001). Initially, nuclear DNA repair pathways were not known to operate 
in the mitochondria. However, further study revealed that the same repair pathways do 
function in the mitochondria allowing for efficient repair (AKHMEDOV and MARÍN-GARCÍA 
2015).  
 Rather than inefficient repair, increased damage may better explain the 
mutation rate. Due to the proximity of the mitochondrial genome to the electron 
transport chain it is believed that electron leakage creating free radicals leads to 
increased oxidative damage in the mitochondrial genome. However, flies with deletions 
in genes that ameliorate oxidative stress had mutation profiles that were not consistent 
with ROS damage (ITSARA et al. 2014). The increased mitochondrial DNA mutation rate 
and insufficient repair or ROS damage likely both play a role in mtDNA mutation but are 
insufficient to explain the elevated mutation rate. 
The evolutionary significance of the mtDNA mutation rate likely depends on how 
environmental forces shape selection on these mutations. The elevated mutation rate 
could be viewed as a detriment due to the increased mutational load if purifying 
selection cannot effectively purge these mutations. Environmental factors and selection 
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shape the spectrum of mutations that emerge as natural polymorphisms. Strong 
purifying selection or compensatory changes in other genes involved in respiration 
could ameliorate the mutational load. Alternatively, excessive mutations may allow the 
mtDNA to more rapidly sample a larger number of potentially adaptive variants and thus 
evolve faster. Differences in environmental temperature regimes and diet have both 
been suggested to shape the distribution of mitotypes in natural environments (MELVIN 
and BALLARD 2017). The mitochondrial genome may be surprisingly adaptable in 
response to environmental stimuli and thus contain many polymorphisms that are 
shaped by positive selection. 
1.3.2 Muller’s Ratchet in Mitochondria 
 Slightly deleterious polymorphisms may accumulate in the mitochondrial 
genome due to its lower population size relative to the nuclear genome. In strict 
uniparental inheritance, the mitochondrial genome never encounters other haplotypes, 
thus rendering it effectively haploid despite its high copy number and halving its 
effective population size compared to a diploid nuclear genome. This assumption is an 
oversimplification given the dynamics of mtDNA copy number and heteroplasmy 
(discussed in 1.3.3) but has still played an important role in guiding theories of mtDNA 
evolution. Accumulation of deleterious mutations is expected as a result of inefficient 
purging due to drift, a process commonly referred to as Muller’s Ratchet (MULLER 1964). 
Early evidence of increased mutation rate in mitochondrial genomes relative to nuclear 
genomes supported this conclusion but tested a limited number of taxa (BROWN et al. 
1979). Broad surveys revealed a general decline in the efficiency of selection to remove 
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deleterious mutations in organellar genomes (LYNCH and BLANCHARD 1998). Strong 
purifying selection and accumulation of weakly deleterious mutations are not 
necessarily mutually exclusive. Given the persistence of mtDNA across eukaryotes, it is 
likely that a balance has been struck to preserve its function in the face of mutation 
accumulation. 
 Recombination due to bi-parental inheritance or paternal leakage, even at low 
rates, may be sufficient to prevent mutation accumulation (NEIMAN and TAYLOR 2009). In 
a predominantly selfing system, such as S. cerevisiae, the realized evolutionary benefits 
of mtDNA recombination remain unclear. Uniparental inheritance has been described as 
beneficial due to constraining the spread of selfish mitochondrial elements and 
promoting adaptive evolution but these arguments are generally made in the context of 
evolutionary innovations that prevent mutation accumulation (CHRISTIE and BEEKMAN 
2017). Selective sieves on mitochondrial function during oogenesis that have been 
studied in mammals may prevent, or at least greatly slow, mutation accumulation by 
removing slightly deleterious mutations (MISHRA and CHAN 2014). Irreversible mutation 
accumulation leading to eventual extinction of all mitochondrial genomes seems 
unlikely as evidenced by the general retention of at least some mitochondrial genes 
across nearly all eukaryotes. Some combination of selective sieves, recombination, and 
pressure to retain some genes in the mitochondria likely explain the maintenance of the 
mtDNA in the face of mutation accumulation. 
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1.3.3 Copy Number and Heteroplasmy 
 The number of copies of the mtDNA can have significant evolutionary impacts by 
altering effective population size which influences drift during inheritance. Hundreds to 
thousands of circular mtDNA copies in a single cell is typical in humans depending on 
cell type and energy requirements (MORAES 2001). S. cerevisiae cells typically contain a 
lower number of copies ranging from tens to hundreds which may strengthen genetic 
drift on mitochondrial segregation during cell division relative to the thousands mtDNAs 
per cell common in animals (SOLIERI 2010). In some yeast and plants, including S. 
cerevisiae, the genome exists predominantly as linear forms containing multiple 
complete mtDNAs repeated in tandem (MALESZKA et al. 1991; BENDICH 1996). The 
significance of this organizational difference is unclear, though it may be related to the 
mtDNA recombination involved in initiating mtDNA replication. 
The high copy number of the mitochondrial genome allows multiple distinct 
haplotypes to exist within a cell. A cell that maintains multiple distinct haplotypes is 
termed heteroplasmic, whereas cells containing only a single haplotype are termed 
homoplasmic (LIGHTOWLERS et al. 1997). Heteroplasmy stems from two main sources: 
inheritance and mutation. Some organisms can stably transmit a mix of haplotypes to 
their offspring enabling multigenerational heteroplasmy, although there are few 
established cases of stable heteroplasmy (VOLZ-LINGENHÖHL et al. 1992; TSANG and LEMIRE 
2002; JAYAPRAKASH et al. 2015). Novel mutations can lead to heteroplasmy especially in 
somatic tissue (KMIEC et al. 2006). A high proportion of pathogenic mitotypes can lead to 
the development of mitochondrial diseases (STEWART and CHINNERY 2015). Human 
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mitochondria show high prevalence of at least one heteroplasmic mtDNA mutation with 
allele frequency distributions that suggest purifying selection acts to remove pathogenic 
heteroplasmies, albeit at lower efficiency than for homoplasmic germline mutations (YE 
et al. 2014). Artificially engineered heteroplasmy is deleterious in mice (SHARPLEY et al. 
2012). Pathogenicity of heteroplasmy could explain the evolution of uniparental 
inheritance as a means to prevent heteroplasmy (CHRISTIE et al. 2015). The presence of 
many distinct mtDNA copies alters selection dynamics by allowing for large variation in 
allele frequencies within individual cells.  
For the mitochondria to function purifying selection is necessary to prevent 
accumulation of pathogenic heteroplasmy. Inheritance of specific mtDNA copies could 
act as a form of quality control. The number of mtDNA copies in animal systems is 
severely bottlenecked during oogenesis (JANSEN and DE BOER 1998). Theoretically, a 
reduction in copies transmitted should result in greater genetic drift and a weakened 
ability for selection to purge deleterious heteroplasmies. However, the respiratory 
performance of mitochondria is thought to be evaluated during oogenesis and poor 
performing mitochondria or eggs are purged resulting in strong purifying selection 
(STEWART et al. 2008). The high copy number of the mtDNA may help it persist in the face 
of an elevated mutation rate by providing a large pool of genomes from which to select 
those that function most efficiently. 
Systems with biparental inheritance may have evolved alternative methods to 
avoid incurring costs related to heteroplasmy.  S. cerevisiae has evolved to not maintain 
heteroplasmy despite biparental inheritance. Very few mtDNA copies are passed to 
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offspring during mitosis resulting in a pattern similar to the oogenesis bottleneck and 
reducing haplotype diversity in the cell (SOLIERI 2010). Whether the bottleneck in yeast is 
also paired with strong selection on respiratory performance is unknown. During 
formation of a diploid between haploids with distinct haplotypes the resulting diploid 
will be heteroplasmic if it inherits bi-parentally. Recombination may occur during the 
heteroplasmic state (ZINN et al. 1987). During subsequent mitotic generations 
bottlenecks at each division sort the haplotypes closer to homoplasmy. A single 
heteroplasmic cell may give rise to multiple lineages that differ in haplotype but after 
approximately 10-20 mitotic generations all cells should be homoplasmic (WESTERMANN 
2014). Homoplasmy may strengthen selection on individual variants as they cannot be 
buffered by alternative alleles in other copies. 
1.3.4 Theories of Mitochondrial Genome Evolution  
 If the functions of the mitochondria are critical to organismal fitness then 
purifying selection and potentially positive selection should have major roles in mtDNA 
evolution. However, the role that selective forces play in the nuclear genome may not 
be analogous to how selection acts onto mtDNA. The mitochondrial genome differs 
from the nuclear genome due to non-Mendelian inheritance. Several theories have 
sought to explain mtDNA evolution in the context of its unique mechanisms of 
transmission. Depending on different perspectives, mtDNA variation in natural 
populations may be primarily neutral, deleterious due to mutation accumulation, or 
even adaptive due to positive selection on functional variants. Observed patterns of 
variation likely involve a combination of all three cases, and thus understanding the 
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arguments in favor of each scenario is crucial to delineating the evolutionary forces 
acting on the mitochondrial genome. 
The essential role of genes in the mitochondrial genome in respiration creates a 
strong purifying selective pressure to remove deleterious variants. All studies to date 
support strong purifying selection on respiratory genes. Comparative studies of 
molecular evolution consistently find low ratios of nonsynonymous to synonymous 
polymorphisms in human (RUIZ-PESINI et al. 2004), Drosophila (MONTOOTH et al. 2009), or 
yeast lineages (JUNG et al. 2012; FREEL et al. 2014). Mice with mutations in the mtDNA 
polymerase leading to error-prone replication rapidly expunge deleterious mutations 
over the course of a few generations despite the higher mutation load (STEWART et al. 
2008). Strong purifying selection does not exclude the possibility that some variants are 
weakly deleterious or adaptive. 
 Under the nearly neutral theory of evolution purifying selection eliminates 
deleterious variants rapidly and positive selection rapidly sweeps adaptive variants to 
fixation. As a result, the remaining variants that are found segregating in natural 
populations should be neutral, or very weakly deleterious (KIMURA 1989). Early studies of 
mtDNA polymorphisms suggested they are predominantly neutral (AVISE and ELLIS 1986). 
The presumed neutrality and ease of characterization made mitochondrial markers 
hugely influential in phylogeographic studies. Little information was available at that 
time on patterns of molecular evolution or on the performance of different mitotypes. 
Perhaps the majority of mtDNA variants are neutral, but some fraction of the remaining 
variants could be slightly deleterious or adaptive. Functional variants can impact the 
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distribution of neutral variants due to linkage, especially in uniparental systems with 
little to no recombination. Caution is needed when interpreting the distribution of 
mtDNA variants in a phylogeographic context. Overly broad assumptions of neutrality 
are likely flawed. 
 Positive selection on novel adaptive alleles that remain segregating within 
species could shape mitochondrial genome variation in drastically different ways than 
neutral drift or mutation accumulation. Preserving mitochondrial function is critical, 
however, there may be more than sufficient room for evolutionary tinkering to alter 
respiratory processes in ways that are adaptive in different environments. Neutral or 
even deleterious variation may become adaptive in different ecological or genetic 
contexts. One example is that inefficient respiration could be selected for in colder 
climates due to elevated heat production as a byproduct (LOWELL and SPIEGELMAN 2000). 
If positive selection is occurring novel variants can increase in frequency much faster 
than expected under drift. Strong selection could lead to haplotypes containing an 
adaptive variant sweeping through the population. Positive selection is not incompatible 
with neutral theory, which suggests that positive selection does occur but that adaptive 
substitutions fix rapidly and finding them segregating in natural populations should be 
rare. Such haplotypes would theoretically carry many linked neutral or deleterious 




1.3.5 Evidence for Positive Selection 
If positive selection frequently occurs on mtDNA variants then there should be 
enrichment for nonsynonymous variants associated with environmental challenges. 
Searches for molecular signatures of positive selection on mitochondrial genes in 
natural populations have found evidence in a wide variety of taxa, though the selective 
forces in the environment are often not clear. Frequent selective sweeps on adaptive 
mitochondrial variants were invoked to explain observations that taxa with diverse 
population sizes showed similar degrees of mitochondrial diversity (BAZIN et al. 2006; 
MEIKLEJOHN et al. 2007). Analysis of diverse animal taxa, correcting for deleterious 
mutations, suggests that 26% of non-synonymous mitochondrial substitutions may have 
been fixed by adaptive evolution (JAMES et al. 2016). While it is difficult to disentangle 
signatures of relaxed purifying selection from positive selection, the breadth of cases 
showing evidence suggest at least some positive selection is acting on mitochondrial 
genomes in nature. 
Patterns of positive selection in mtDNAs are frequently associated with different 
between climate regimes. Mitochondrial variants may contribute to adaptation of 
human populations to different climates, though this claim remains contested (MISHMAR 
et al. 2003). More recent evidence suggests that mitochondrial variants do contribute to 
high altitude adaptation in human populations (LI et al. 2016). Other mammals, such as 
arctic hares, also show patterns of mitochondrial diversity consistent with climate 
adaptation (MELO-FERREIRA et al. 2014). Selection for mitochondrial performance at high 
altitude may also occur in birds as evidenced by special adaptations in the bar-headed 
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goose (SCOTT et al. 2011) and haplotype distributions in Andean flycatchers (DUBAY and 
WITT 2014). Various fish species also show evidence of mitochondrial positive selection 
associated with temperature gradients, including anchovies (SILVA et al. 2014), eels 
(GAGNAIRE et al. 2012; JACOBSEN et al. 2015), and salmon (GARVIN et al. 2011; CONSUEGRA et 
al. 2015). Temperature differences in different climate or altitude zones may be a 
common driver of selection on the mtDNA. 
1.4 Mechanisms of Functional Mitochondrial Variation 
 Molecular evidence of positive selection in mtDNAs is prevalent but does not 
provide clear insights into the mechanisms by which these mtDNA variants affect 
phenotypes. There is no clear evidence of enrichment for a single gene, or group of 
genes, as a common target of selection. Moreover, the methodologies used to identify 
selection are generally limited to protein coding regions and do not have the power to 
detect potentially important variants in functional RNA or regulatory sequences. 
Elucidating the variants that respond to selection in the mtDNA and the molecular 
mechanisms through which they affect fitness will require understanding how each of 
these genes functions to enable proper respiration. 
 Mitochondrial effects on fitness could be through the direct action of individual 
variants or through interactions between multiple variants. Replication, transcription, 
translation, and respiration all rely on cooperation between the mtDNA and genes in the 
nucleus that are targeted to the mitochondria, termed mitonuclear epistasis (Figure 2). 
Nuclear genes and mitochondrial genes likely coevolve to maintain functional 
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interactions required for respiration. Species in the angiosperm genus Silenus with 
elevated mtDNA mutation rates also show increased rates of evolution in 
mitochondrially-targeted nuclear genes suggesting the nuclear genes are evolving to 
match mtDNA changes (HAVIRD et al. 2015). In this section, I review the core functions of 
nuclear and mitochondrial genes in maintaining respiration. Functional variants in 
nuclear or mtDNA genes could create phenotypic diversity by influencing any of these 
functions. 
1.4.1 Replication 
 The replication of the mitochondrial genome is dependent upon interactions 
between nuclear elements and mitochondrial origins of replication. The mtDNA 
polymerase, such as polG in humans, is encoded in the nuclear genome (TAANMAN 1999). 
Defects in polG lead to wide array of disease phenotypes due to mtDNA depletion 
(STUMPF and COPELAND 2011). Controlling mtDNA copy number via replication and 
degradation is important to maintaining homeostasis but the signals controlling this 
process are not well understood (CLAY MONTIER et al. 2009). In small, circular 
mitochondrial genomes replication initiates in an intergenic region termed the D-loop 
that has significant structural variation relative to the rest of the mitochondrial genome 
(NICHOLLS and MINCZUK 2014). Mitochondrial DNA replication is RNA-primed at the D loop 
and continues uni-directionally around the circle, which exposes another origin of 
replication to initiate lagging strand synthesis (CLAYTON 2003). The D loop is generally the 
only intergenic region in animal mtDNAs and is highly variable compared to the protein 
coding sequences. Variants in the origin of replication could have functional 
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consequences by altering interactions with the mtDNA polymerase causing changes in 
mtDNA copy number. 
S. cerevisiae mtDNA replication is not as well understood. There is debate over 
whether the replication is initiated through RNA-priming (TURK et al. 2013) or by double 
stranded breaks followed by recombination (PRASAI et al. 2017). In both cases, 
replication is initiated at one of multiple intergenic origins of replication followed by 
rolling circle replication (CHEN and CLARK-WALKER 2017). S. cerevisiae has multiple origins 
(ori elements) spread around the genome (ZAMAROCZY and BERNARDI 1985). Each origin 
may be active or inactive depending on the insertion of GC rich mobile elements in the 
ori motif (TURK et al. 2013). However, small sub-genomic molecules resulting from 
mtDNA deletions that cannot support respiration are capable of replicating without any 
of these origins (FANGMAN and DUJON 1984). S. cerevisiae and other yeast species can also 
maintain exogenous DNA in the mitochondria despite these plasmids lacking a 
mitochondrial origin of replication suggesting that the replication system is rather 
promiscuous (BONNEFOY et al. 2007). The presence of multiple origins may relax 
functional constraints on any single origin and potentially lead to greater variance in 
copy number. 
1.4.2 Transcription 
 Mitochondrial transcription depends on a nuclear encoded RNA polymerase. 
Mitochondrial mRNAs are large polycistronic transcripts (SCARPULLA 2008). In animal 
mitochondria, there are three transcription initiation sites, two on the minor (heavy) 
strand, containing fewer genes, and one on the major (light) strand containing the 
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majority of genes (TAANMAN 1999; FALKENBERG et al. 2007). The major strand is 
transcribed as a single large polycistronic transcript containing all the genes on this 
strand. The minor strand is transcribed in two distinct forms based on the transcription 
initiation: either a single large polycistronic transcript containing all the minor strand 
genes, or as a short alternative transcript containing ribosomal RNA genes to allow 
increased expression levels of only these genes. Mitochondrial variants that alter 
transcription initiation or termination could alter expression levels of respiratory 
proteins and thus alter organismal fitness. The presence of large polycistronic 
transcripts suggests that mtDNA genes should be under strong selection not to perturb 
transcription as a change in one gene could affect expression of all genes on the same 
transcript. 
 Transcription is similar in S. cerevisiae, however, the major strand containing all 
genes except for one tRNA has multiple separate polycistronic transcripts that are not 
poly-adenylated (DIECKMANN and STAPLES 1994). The specific transcriptional units differ 
between fungal species as a result of genome rearrangements (KOLONDRA et al. 2015). A 
distinct nonanucleotide motif is used to initiate yeast transcription, but the termination 
signals are not as clear and likely involve termination by secondary structure in tRNA 
genes (CHRISTIANSON and RABINOWITZ 1983; TURK et al. 2013). The presence of multiple 
transcripts as compared to animal systems may allow greater flexibility in fine tuning 
transcription levels of different genes. 
 Introns are a common feature of fungal and plant mitochondrial genomes. Due 
to their presence many additional elements are required for transcript processing than 
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in animal mitochondrial genomes. Nuclear encoded splicing factors play an important 
role in processing to generate mature mRNAs (SÉRAPHIN et al. 1988; HERBERT et al. 1992; 
HUANG et al. 2005; WATTS et al. 2011). In S. cerevisiae, there are multiple introns exist 
within the COX1 and COB genes, and a single intron in the large ribosomal RNA gene 
(FOURY et al. 1998; WOLTERS et al. 2015). Mitochondrial variants that reduce splicing 
could have detrimental effects on respiration by preventing formation of mature 
mRNAs. 
1.4.3 Translation and Assembly of Respiratory Complexes 
 Translation in the mitochondria occurs through a combination of nuclear and 
mitochondrial encoded elements. The RNA subunits of the mitochondrial ribosome and 
tRNAs are encoded in the mitochondrial genome. Nuclear encoded ribosomal proteins 
make up the remainder of the mitochondrial ribosome. Mitochondrial tRNAs are 
specialized to allow only 22 tRNAs in human mtDNA to encode for all the protein coding 
mitochondrial genes, although there is significant variability in tRNA content between 
organisms (SALINAS-GIEGÉ et al. 2015). The genes required to charge the tRNAs with the 
amino acids are nuclear encoded. Any changes in mitochondrial tRNAs or rRNAs that 
alter their ability to function with their nuclear partners are likely to have broad effects 
on mitochondrial translation  
Translation takes place in the mitochondrial matrix transcription and 
transcription, translation, and assembly of respiratory complexes to occur in tandem. 
Protein folding, insertion into the mitochondrial inner membrane, and assembly of 
respiratory complexes are all facilitated by nuclear encoded proteins to generate a 
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functional electron transport chain. In S. cerevisiae, translational activators that bind to 
the 5’ untranslated region of the mRNA are required for translation have been identified 
for many genes (HERRMANN et al. 2013). A small number of translational activators have 
also been identified in human mitochondria (DENNERLEIN et al. 2017). Coregulation of 
mitochondrial translation and assembly is likely a general mitochondrial feature. 
1.4.4 Novel Open Reading Frames 
The gene content of mitochondrial genomes is generally thought to be well 
understood, however, novel small mitochondrial proteins are upending this view. The 
recent discovery of the Humanin gene in the human mitochondrial genome, encoded 
within a ribosomal RNA sequence (HASHIMOTO et al. 2001), suggests that novel genes 
may be a common feature. The gene was originally uncovered as part of a screen for 
protective factors against Alzheimer’s disease (HASHIMOTO et al. 2001). Humanin has 
since been shown to effect many other pathways (LEE et al. 2013; KIM et al. 2017). 
Humanin is present in many other vertebrates but is pseudogenized in many cases 
suggesting that its functions may be unnecessary or redundant in many organisms 
(LOGAN 2017). While Humanin is the best studied example of a novel small mitochondrial 
peptide more are being discovered that may regulate metabolism (KIM et al. 2017). The 
more complex mitochondrial genomes of fungi and plants may encode a plethora of 
functional small peptides in intergenic sequences that have yet to be discovered.  
Fungal mitochondrial genomes contain poorly conserved ORFS that have no 
known role in respiration. Many of these ORFs are directly downstream of respiratory 
genes allowing them to be transcribed with the gene (MICHEL 1984; FOURY et al. 1998). 
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These ORF’s contain domains with homology to homing endonucleases that may allow 
them to spread selfishly (SÉRAPHIN et al. 1987). The distribution of these ORFs within S. 
cerevisiae has not been well studied but comparative analysis with related species does 
suggest they are hotspots for recombination (PERIS et al. 2017). The functional 
importance of these structural variants has not yet been thoroughly assessed. 
1.4.5 Mobile Elements 
 Mobile elements in the mtDNA could impact phenotypic variation through 
insertions into otherwise functional sequences causing inactivation. The large size of 
fungal and plant mitochondrial genomes is partially due to the invasion of mobile 
elements. Some mitochondrial introns may be the result of invasion of selfish DNA 
elements (LAMBOWITZ and BELFORT 1993). Many fungal mitochondrial introns contain 
ORFs with functional domains that allow homing endonuclease activity (LANG et al. 
2007). The intronic ORF can be translated through alternative splicing of the primary 
transcript of the gene creating a fusion transcript of the intron with upstream exons. 
The distribution of mitochondrial introns in fungi varies markedly both between and 
within species (GAILLARDIN et al. 2012; ŠPÍREK et al. 2015). Selfish introns may spread even 
when the ORF is not active via conversion through homologous recombination at 
flanking sequences during mating (WU and HAO 2014). Horizontal transfer of 
mitochondrial introns is also known to occur in plants (SANCHEZ-PUERTA et al. 2011). 
Mobile introns may also affect protein evolution due to co-conversion of flanking exons 
during insertion (MUELLER et al. 1996). Mitochondrial introns may increase the overall 
variability in respiratory performance in species that contain several mobile introns. 
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 Fungal mitochondrial genomes have GC rich sequences interspersed primarily in 
intergenic regions and introns that are broadly termed GC clusters. The majority of 
these clusters fall into a roughly 30 bp sequence of nearly pure GC base pairs (WEILLER et 
al. 1989). The GC richness of these clusters is even more striking in contrast to the GC 
poor S. cerevisiae intergenic regions (15.5% in S288C). The primary factor suggesting 
mobility of these regions is the sheer prevalence of many copies all around the genome 
with high homology suggesting relatively recent expansion (ZAMAROCZY and BERNARDI 
1986). Alternatively, if these GC clusters played some functional role, purifying selection 
could preserve them from being rapidly pseudogenized. The seeming random 
distribution of GC clusters does not lend support to the theory that GC clusters have any 
function outside of selfish replication. Recombination between GC clusters in different 
regions of the genome may help lead to the formation of short non-functional 
mitochondrial genomes (ρ- mutants) which cannot support respiration (DIECKMANN and 
GANDY 1987; SPÍREK et al. 2002). GC clusters can insert into origins of replication, intronic 
ORFs, and ribosomal RNAs all of which may have functional impacts (SOR and FUKUHARA 
1983; NAKAGAWA et al. 1991). GC clusters may also affect the function of the protein 
coding gene VAR1, which is so called due to in-frame structural variations in the gene 
that do not prevent its translation making it highly variable within the species (HUDSPETH 
et al. 1984). Although GC clusters are likely selfish elements they may still represent an 
important source of functional mtDNA variation by affecting genome integrity or the 




 Respiratory complexes are formed through the assembly of both mitochondrial 
and nuclear encoded subunits. The function of each gene is highly dependent upon 
interactions with the surrounding subunits of the complex. Mitochondrial-nuclear 
epistasis may occur due to the interactions between mitochondrial and nuclear encoded 
subunits within each complex. Purifying selection is likely quite strong to maintain 
functional respiratory complexes and thus may lead to coadaptation between 
mitochondrial and nuclear encoded respiratory genes. Novel combinations of 
mitochondrial and nuclear alleles such as may occur during a hybridization event may 
negatively impact respiratory function. 
Strong purifying selection can also lead to compensatory evolution in respiratory 
complexes. When a mutation in a respiratory subunit arises there is strong selection for 
a compensatory mutation in an interacting subunit that can restore respiratory function 
Compensatory mutations could arise in the nuclear encoded subunits or other mtDNA-
encoded subunits. Divergent populations may arrive at different compensatory 
interactions through drift and thus diverge in mtDNA sequence while maintaining 
similar respiratory capacity. 
1.4.7 Mitochondrial – Mitochondrial Interactions 
Considerable attention has been paid to mitonuclear interactions, but much less 
research has explored how divergence in mitochondrial genomes impacts interactions 
between mitochondrial loci. Mitochondrial translation depends on interactions between 
mitochondrial gene transcripts, mt-tRNAs, and mt-rRNAs. The respiratory proteins 
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encoded in the mitochondrial genome directly interact within their complexes (NADH 
genes in Complex I, cytochrome c oxidase genes in Complex IV, and ATP synthase genes 
in Complex V). Respiratory supercomplexes which form through direct interactions 
between different complexes may cause epistasis between genes in different complexes 
(GENOVA and LENAZ 2014). The functions of all components of the mitochondrial genome 
are linked through a shared role in respiration, and thus it is plausible that functional 
interactions between mitochondrial loci are a common feature of mitochondrial 
evolution. 
If interactions between mitochondrial loci impact fitness then two general 
observations should hold true: pairs of mitochondrial loci should evolve divergently in 
different lineages and disruption of allele pairs should lead to reduction in fitness. 
Analysis of primate mitochondrial genomes reveals loci pairs that have diverged in 
tandem, and in silico modeling of allele replacement suggests that disrupting these pairs 
would negatively impact mitochondrial function (AZEVEDO et al. 2009). Compensatory 
evolution may lead to the fixation of specific pairs that could lead to losses in fitness if 
the pair is disrupted, however, this hypothesis is difficult to test due to a lack of 
recombination or tools for mitochondrial transformation in primates. 
In yeast, mitochondrial recombination and transformation tools may facilitate 
further analysis of mitochondrial interactions. Replacement of alleles in the COB gene in 
S. cerevisiae show functional consequences due to other loci within the gene (DI RAGO et 
al. 1990). Mitochondrial introns also have functional roles that may interact 
epistatically, as in the case of a COB intron involved in the splicing of a COX1 intron 
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(LAVADO and GARCI 1984). Recombination has not yet been deeply explored as a means 
to investigate mitochondrial epistasis, though recent work has suggested it may occur in 
crosses between naturally occurring S. paradoxus haplotypes (LEDUCQ et al. 2017). 
1.5 Models of Mitochondrial Evolution 
The functional impacts of mtDNA variation will depend on both independent 
effects of mitochondrial variants and interactions between genes required to support 
oxidative phosphorylation. Respiration is a cooperative process in which the nuclear 
genome plays a large role in the function of the mitochondrial genome (RAND et al. 
2004). Mitochondrial replication, transcription, translation, assembly and insertion of 
proteins are all nuclear encoded, as described previously. The electron transport chain 
consists primarily of nuclear encoded subunits that function as a complex with the 
mitochondrially encoded subunits. Replacing the mitochondrial haplotype in a specific 
nuclear background may alter phenotypes both through direct effects of the new 
haplotype and through differences in the interactions between the nuclear loci and 
replaced mitochondrial alleles. Laboratory manipulations that test the effects of 
complete mitochondrial haplotypes paired with multiple different nuclear backgrounds 
are required to study the effects of mtDNA variants. An extensive array of model 
systems have been used to achieve mitochondrial replacements ranging from models 
from biomedical science such as cell lines (MCKENZIE et al. 2003; YU et al. 2015) or mice 
(MA et al. 2016) to studies utilizing hybrids between natural populations (BURTON et al. 
2006). Here, I review three major models used to study mitochondrial evolution and 
their contribution to our understanding of mitochondrial effects and mitonuclear 
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epistasis: natural populations of the copepod Tigriopus californicus, fruit flies of the 
genus Drosophila, and yeasts of the genus Saccharomyces. 
1.5.1 The Copepod Model of Mitonuclear Hybrid Breakdown 
Functional impacts of mitochondrial variation are especially notable for their 
potential impacts on speciation. As allopatric populations diverge, weakly deleterious 
alleles may become fixed by drift necessitating the evolution of interacting 
compensatory alleles. Each separate population will evolve different sets of 
compensatory interactions. F1 hybrids may experience hybrid vigor, as any deleterious 
effects are likely recessive. However, F2 hybrids are likely to experience reduced fitness 
as coevolved gene pairs are disrupted, resulting in reduced fitness between populations 
broadly termed Bateson-Dobzhansky-Muller (BDM) incompatibilities (DOBZHANSKY 1936; 
ORR 1996). The high degree of interactions with nuclear genes requires for 
mitochondrial genes to function may predispose them to easily forming specialized BDM 
mitonuclear incompatibilities which may be augmented by unique aspects of 
mitochondrial evolution including elevated mutation rate, absence of recombination in 
uniparental systems, and a critical role in metabolism and thus organismal fitness 
(BURTON and BARRETO 2012). Extensive research in allopatric populations of the intertidal 
copepod Tigriopus californicus has revealed a large role of mitochondrial divergence in 
hybrid incompatibility. 
 For hybrid incompatibility to occur mitochondrial sequences must diverge at a 
sufficient rate that functional polymorphisms are differentiated between populations of 
the same species. T. californicus populations found in rocky pools along the California 
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coast exhibit extreme levels of mitochondrial sequence divergence between 
geographically separated populations. Analysis of the mitochondrial gene COB between 
populations revealed up to 70% nucleotide divergence at silent sites with approximately 
7% amino acid divergence (WILLETT and BURTON 2004). Nuclear genes, including those 
functioning in mitochondrial respiration, showed much less population subdivision. In 
contrast, divergence between D. melanogaster and D. simulans mtDNA is on the order 
of 5%, with only approximately 1% amino acid divergence  (MONTOOTH et al. 2009). 
Complete genomes from three T. californicus populations revealed overall divergence is 
closer to 22%, with vastly differing evolutionary rates between genes ranging from 6% in 
COX1 to 48% in ND3 (BURTON et al. 2007). Extreme mitochondrial divergence may 
accelerate the formation of incompatibilities between populations. 
 If mitonuclear BDM incompatibilities are shaping population patterns in T. 
californicus then inter-population hybrids should show impairment of mitochondrial 
function. F2 hybrids formed between different T. californicus populations show reduced 
activity in vitro of Complex IV of the respiratory chain which contains both 
mitochondrial and nuclear encoded subunits (EDMANDS and BURTON 1998). Hybrid 
incompatibilities were tested by collecting individuals from natural populations and 
generating hybrid populations. Phenotypes are measured from subsequent generations 
maintained in the lab. Crosses between 5 divergent populations revealed that reduced 
respiratory activity was correlated with reductions in fitness that increased as the 
nucleotide divergence between the populations increased (EDMANDS and BURTON 1999). 
Inter-population hybrids show reduced ATP production, reduced activity of all 
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respiratory complexes with mitochondrially encoded proteins, and increased variance in 
respiratory activity (ELLISON and BURTON 2006). Reductions in hatching number, 
survivorship, and metamorphosis rates suggest that these respiratory complications 
reduced fitness in hybrids. Backcrossing to the maternal population can recover fitness, 
but paternal backcrossing does not, suggesting that majority of hybrid dysfunction is 
due to mitonuclear incompatibilities (ELLISON and BURTON 2008a). 
 The potential mechanisms causing hybrid incompatibilities could occur at any 
level of mitochondrial function. The nuclear encoded gene for cytochrome c (CYC), 
transfers electrons from Complex III to Complex IV and thus could generate 
incompatibilities with COB or COX genes. After multiple generations, inter-population 
hybrids showed skewed ratios of CYC genotypes that tended to match the maternal 
parent in the original cross and thus the mitotype (WILLETT and BURTON 2001). By tracking 
allele frequencies at different life stages across generations the selection was inferred to 
be occurring during larval to adult stages and not due to any form of gene drive. 
Selection may be maintaining coadapted mitochondrial and CYC allele combinations in 
these copepods. 
Different mitonuclear gene pairs could be optimized for environmental 
conditions that vary between geographically isolated populations. Direct testing of 
combinations of CYC and Complex IV purified from different populations in vitro 
revealed temperature-dependent reductions in activity in inter-population 
pairings(RAWSON and BURTON 2002). Hybrids raised under constant temperature showed 
evidence of selection on mito-CYC combinations, but those raised under cycling 
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temperature regimes showed no evidence of selection (WILLETT and BURTON 2003). 
Differences in the temperature regimes of different pools could drive selection for 
divergent mito-CYC allele pairs. 
The interpopulation CYC incompatibility must have been due to specific 
combinations of CYC and mtDNA polymorphisms that are divergent between 
populations. CYC divergence is relatively low between T. californicus populations, with 
only three amino acid changes in some cases, which allowed direct testing of the effects 
of individual substitutions by expression of recombinant genotypes in Escherichia coli 
(HARRISON and BURTON 2006). By purifying the recombinant CYC from E.coli and testing 
the activity of Complex IV purified from different T. californicus populations, Harrison 
and Burton showed that each amino acid change impact overall activity but that only 
one residue drove temperature sensitivity. The genotypes containing only the 
temperature sensitive substitution was found to occur naturally in another population. 
One amino acid difference, paired with mitochondrial divergence, can be sufficient to 
cause hybrid breakdown in respiration. 
 The high degree of mitochondrial divergence between copepod populations 
could lead to several additional incompatibilities. Divergence in the origin of replication 
could interaction with divergence in the mitochondrial RNA polymerase (mtRPOL) to 
affect replication and transcription by altering RNA priming (BURTON and BARRETO 2012). 
The mtDNAs of divergent T. californicus populations showed significant variation in the 
control region (BURTON et al. 2007). Inter-population hybrids show reductions in 
mismatched mito-mtRPOL genotypes after many generations, implying selection to 
35 
 
maintain matched genotypes (ELLISON and BURTON 2006). Mismatched genotypes, in 
which both mtRPOL alleles came from a different population than the mtDNA, showed 
significant changes in how mitochondrial gene expression reacted to osmotic stress 
relative to matched genotypes that behaved similarly to parental controls (ELLISON and 
BURTON 2008b). Mitochondrial genome copy number increases in mismatched 
genotypes, which may be a compensatory response to respiratory dysfunction (ELLISON 
and BURTON 2010). Breakdowns in mitochondrial-nuclear interactions that control 
transcription and copy number may be the proximate cause of fitness loss in T. 
californicus inter-population hybrids. Copy number changes may act as a compensatory 
response to other dysfunction which makes it difficult to determine cause and effect. 
 Impairment of mitochondrial function may cause downstream fitness impacts 
through dysregulation of the production of ROS. Inter-population T. californicus 
populations show increased levels of oxidative damage, which is negatively correlated 
with fecundity (BARRETO and BURTON 2013). Evidence for direct links between elevated 
ROS levels and loss in fitness is not clear, but there is sufficient evidence that ROS levels 
are related to aging to suggest that increased ROS could lead to premature cellular 
senescence which may compromise organismal fitness. 
1.5.2 Limitations of the Copepod Model 
 The copepod model has yielded valuable insights into how population 
subdivision can lead to large mitochondrial divergence with implications for speciation. 
The mitochondrial divergence observed in the copepod model is more an order is an 
order of magnitude higher than in other systems. Populations on short geographic 
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scales exhibit more variation in mitochondrial proteins than in many contrasts between 
related species. Not enough is known about mitochondrial variation within species to 
determine whether copepods are a true outlier or whether many species show similar 
levels of polymorphisms.  
 Focusing on natural populations has strengthened the evolutionary implications 
of studies in T. californicus, but also imposed limitations on this research. In the majority 
of these studies, the nuclear genotypes in hybrids are not fully known as generally few 
loci were assessed. Attributing phenotypic outcomes to specific mitotypes or nuclear 
alleles is difficult as a result and often required extensive genotyping of hybrids. 
Introgression is the only available option for introducing specific mitotypes in this 
model, which carries the risk of the mtDNA bringing co-segregating nuclear alleles with 
it. 
1.5.3 The Drosophila Model of Mitochondrial Function 
 Mitochondrial replacement experiments in Drosophila species have revealed an 
extensive array of phenotypes that can by altered due to mtDNA polymorphisms. Early 
studies utilized a backcross introgression strategy, in which females of the line with the 
desired mtDNA are crossed to males with the desired nuclear genome background, and 
then females from subsequent generations are repeatedly backcrossed to males with 
the desired nuclear genomic background. This strategy is powerful as it is broadly 
applicable to many models but is limited by hybrid viability and co-segregation of 
mitochondrial and nuclear alleles. 
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Mitonuclear incompatibilities may inhibit respiration in interspecific crosses. 
Drosophila simulans mitotypes (siI or siII) performed similarly after backcrossing into siI 
or siIII nuclear background and were thus intra-specifically compatible. Backcrossing 
these mitotypes into a Drosophila mauritania (maI) nuclear background generated a 
cyto-nuclear genotype that demonstrated poor COX activity (Complex IV), an indicator 
of respiratory competence (SACKTON et al. 2003). The poor performance of D. simulans 
haplotypes in D. mauritania, but not in their native backgrounds, suggests that 
mitonuclear epistasis plays a role in modifying mtDNA effects in flies and may lead to 
interspecific incompatibilities. Further work introgressed two D. simulans haplotypes 
into two divergent D. melanogaster nuclear backgrounds and showed these 
mitochondrial haplotype had a large impact on longevity and some combinations 
appeared compatible across species (RAND et al. 2006). Moreover, the effect of an 
mtDNA was reversed when paired with the opposite nuclear background. 
Polymorphisms between D. simulans populations have large effects that are contingent 
on the nuclear background. Given the large differences in the effects of individual 
mitotypes of the same species it was unclear whether mitochondrial evolution in flies is 
driven by mitonuclear incompatibilities, as seen in copepods, or large effects of 
intraspecific variants. 
 If mitonuclear effects drive mitochondrial evolution then incompatibilities should 
be more common between species than within species. Montooth et al (2010) tested 
this by constructing twelve mtDNA replacement lines with one of two D. melanogaster 
nuclear backgrounds (OreR or Aut132) paired with one of six mtDNA haplotypes (two D. 
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melanogaster: OreR or zim, four D. simulans: siI, siII C167.4, siII simw501, or maI). 
Introgression strategies suffer from the possibility that small portions of the nuclear 
genome co-segregate with the mtDNA and thus prevent a clean replacement. In this and 
subsequent studies, an improved protocol was used to leverage the power of Drosophila 
genetics to replace mtDNA haplotypes. Crosses using balancer chromosomes that 
prevent recombination allowed targeted replacement of individual chromosomes. 
Sequential replacement of each chromosome facilitated the introduction of a complete 
D. melanogaster nuclear genome paired with a specific haplotype without relying on 
repeated backcrossing. Intraspecific variation in egg to adult viability was high and 
roughly equivalent to the variation between species. Mitonuclear epistasis played a 
large role within each species as effects of melanogaster mitotypes changed in 
magnitude and direction between the melanogaster nuclear backgrounds. Interspecific 
mtDNA substitutions are more numerous than intraspecific polymorphisms in 
Drosophila species, suggesting that the large intraspecific effects are driven by a small 
number of polymorphisms (MONTOOTH et al. 2009). The results from this study are 
unlikely to be specific to these lines, as similar results are obtained utilizing other 
melanogaster mitotypes. The respiratory performance of mitotypes from Japanese and 
African (Dahomey) flies in introgression lines revealed strong intraspecific differences in 
respiratory capacity, mtDNA copy number, and production of ROS (CORREA et al. 2012).  
In Drosophila, a small number of functional polymorphisms may be driving the vast 
majority of the phenotypic variation. These major effect variants are as likely to be 
occurring within species as between species. 
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Strong mitonuclear incompatibilities may due to changes in mtDNA encoded 
respiratory subunits but could also be due to changes in RNA genes or regulatory 
sequences. The simw501 simulans mitotype showed a severe incompatibility with the 
OreR but not the Aut132 melanogaster nuclear background impacting egg to adult 
viability (MONTOOTH et al. 2010). Genetic mapping of the incompatibility revealed an 
interaction between a polymorphism in the simw501 tyrosine mitochondrial tRNA (mt-
tRNA) and the nuclear-encoded aminoacyl-tRNA-synthetase responsible for charging the 
tyrosine onto this mt-tRNA resulting in slow development (MEIKLEJOHN et al. 2013). The 
Aut132 allele was able to rescue this incompatibility when transformed into the OreR 
nuclear background. The incompatibility also affected longevity and bristle morphology 
suggesting significant pleiotropic effects of mitonuclear incompatibilities. The mt-tRNA 
incompatibility underscores that a small number of mtDNA polymorphisms, including 
those that do not change the amino acid sequence of any respiratory protein, can have 
large impacts on organismal fitness. 
 Large effects of mtDNA polymorphisms within species suggest that divergence in 
mitotypes could occur in sympatry, even if nuclear loci are well mixed, if selection is 
strong enough on local ecological factors. The siII and siIII D. simulans mitotypes have an 
overlapping range forming a sympatric zone in East Africa, including Madagascar and 
the nearby Reunion Island (BALLARD 2000, 2004; JAMES and BALLARD 2000). The mitotypes 
show geographic subdivision but are morphologically indistinguishable and all nuclear 
loci tested are well mixed across both mitotypes, suggesting a role for cytoplasmic 
factors in determining this distribution (BALLARD 2000; BALLARD et al. 2002; MELVIN et al. 
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2008). Strong mitonuclear epistasis would have created differentiation at nuclear loci 
between the haplotypes but these studies tested relatively few loci and thus it remains 
possible mitonuclear epistasis exists and was not detected. Paternal leakage is known to 
occur in the hybrid zone at notable frequencies in the wild and in a lab setting (WOLFF et 
al. 2013). Wolbachia, an endosymbiont that may affect mitochondrial haplotypes due to 
shared cytoplasmic inheritance and causing poor fitness in uninfected females, may 
have contributed to the observed distribution (DEAN and BALLARD 2005). Infections by 
Wolbachia may influence mitochondrial evolution in many different species of 
arthropods (CARIOU et al. 2017), but parallels are not known in yeast or many other 
organisms. 
 Multiple lines of evidence support direct effects of polymorphisms between D. 
simulans haplotypes on organismal phenotypes. Comparisons between introgression 
lines with these haplotypes in either nuclear background revealed differences in 
development time, activity, and longevity (JAMES and BALLARD 2003). Directly competing 
these lines at equal starting frequencies revealed that siII outperforms other mitotypes 
in a laboratory setting where resources are continuous and abundant (BALLARD and JAMES 
2004). Flies with the siII haplotype have large egg size, early fecundity, and cold 
tolerance, whereas flies with the siIII haplotype are more starvation resistant (BALLARD et 
al. 2007). The results suggest a tradeoff between the two haplotypes in which siII is 
adapted for a continuous food supply whereas the siIII haplotype is adapted to deal with 
periods of food scarcity. Strong effects of intraspecific variants appear to enable 
divergent mitochondrial evolution even in sympatry. 
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Comparisons of D. simulans haplotypes suggest that intra-specific mitochondrial 
polymorphisms cause phenotypic differences, however, these haplotypes are quite 
divergent. D. melanogaster populations have relatively low mitochondrial diversity and 
thus provide a more conservative estimate of the effect size of intraspecific 
polymorphism. Maklakov et al. (2006) isolated 25 distinct mitochondrial lines from a 
large outbreeding melanogaster population maintained in the laboratory that originated 
from wild caught flies in central California. Outcrossing to males from the original 
population led to randomly mixed nuclear genomes across lines, suggesting that 
phenotypic differences between lines should be primarily due to their mitotype. The 
different lines varied in longevity, senescence, and frailty, despite relatively low diversity 
in the original population from which the flies were sampled. To better control for 
nuclear effects, these mitotypes were introgressed into three controlled nuclear 
backgrounds, which revealed mitonuclear epistasis affecting the number of offspring 
produced (DOWLING et al. 2007b). It is likely that wild populations of D. melanogaster 
contain segregating mitochondrial polymorphisms with significant phenotypic impacts. 
The maintenance of such standing variation provides the raw material for adaptive 
evolution in response to novel selective forces in the environment. 
Mitochondrial, nuclear, and epistatic effects all likely respond to environmental 
stimuli. To test possible relationships between mitochondria, nuclear, and 
environmental variation three melanogaster and three simulans haplotypes were paired 
with one of 12 melanogaster nuclear genotypes from the Drosophila Genetics Reference 
Panel (DGRP), a large collection of inbred lines commonly used in laboratory studies to 
42 
 
map phenotypic variation in Drosophila (MACKAY et al. 2012). The authors refer to this 
subset of the DGRP collection with replaced mtDNAs as the mitoDGRP collection 
(MOSSMAN et al. 2016a). Different food compositions varying in protein content were 
used to assess environmental influences. Development time and egg to adult viability 
both showed significant main effects for mtDNA, suggesting that mitochondrial variants 
are not completely contingent on nuclear or environmental variables. Mitonuclear by 
environment interactions influenced development time.  
Temperature is likely also an important determinant that interacts with diet 
variables. Polymorphisms between Australian (Alstonville) and African (Dahomey) 
melanogaster mitotypes led to differences in time to pupation, larval weight, larval 
feeding, and larval movement that all only occurred at elevated temperature on a low 
protein diet (TOWARNICKI and BALLARD 2017). Changes in temperature also altered the 
effects of male fertility in other D. melanogaster haplotypes (WOLFF et al. 2016b) and in 
another insect, the seed beetle Callosobruchus machulatus (DOWLING et al. 2007a). The 
siII and siIII D. simulans mitotypes also appear to diverge in respiratory capacity in 
permeabilized muscle fibers (PICHAUD et al. 2011). Comparisons between the siII and siIII 
haplotypes in a siIII nuclear background made at different temperatures revealed that 
the siII haplotype was more sensitive to temperature changes, particularly at low 
temperatures (PICHAUD et al. 2013). Differences in temperature sensitivity may reflect 
differences in respiratory efficiency that could impact response to food availability. 
These results suggest an important role of direct mtDNA effects and epistasis with 
43 
 
nuclear alleles and the environment, the mechanisms underlying many of these 
interactions remain unknown. 
If segregating mitochondrial polymorphisms are adaptive then it may be possible 
to identify the ecological stimuli driving selection. Climatic variation is a promising target 
as many of the searches for molecular evidence of positive selection previously 
discussed (1.3.5) identified relationships between mitochondrial variants and 
temperature. Natural D. melanogaster populations along a latitudinal gradient in 
eastern Australia show differentiation in mitotypes between higher and lower latitudes 
despite sympatry (CAMUS et al. 2017). In a controlled nuclear background, the haplotype 
predominantly found at lower latitudes confers greater heat tolerance, while the 
haplotype found at higher latitudes confers greater cold tolerance (CAMUS et al. 2017).  
 The functional differences between the high and low latitude haplotypes are 
likely not due to coding polymorphisms. Two of the haplotypes found in the colder 
climate differed from the warmer climate haplotype by only synonymous 
polymorphisms (CAMUS et al. 2017). Phenotypic differences due to other mitotypes also 
suggest a significant role of synonymous polymorphism in phenotypic variation. The D. 
melanogaster Madang haplotype conferred greater male mating rate and fertility 
compared to haplotypes from Africa (Dahomey) or Israel, when compared in a fixed 
w1118 nuclear background, but no non-synonymous SNP between these three is private 
to Madang (YEE et al. 2015). Synonymous mtDNA variation that impacts organismal 
fitness appears to be common in melanogaster mitotypes. 
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Functional mtDNA variation may have sex specific effects. Functional differences 
between 12 melanogaster mitotypes in the w1118 nuclear background altered 
respiratory activity and mitochondrial content in a sex and age dependent manner 
(WOLFF et al. 2016a). Expression differences due to mitotypes also show sex specificity. 
Contrasts between melanogaster and simulans mitotypes in a melanogaster nuclear 
background showed strong differential gene expression primarily in females, often in 
mtDNA genes (MOSSMAN et al. 2016b). Exposure to hypoxic environments that tax 
mitochondrial function due to oxygen limitation showed mitochondrial, mitonuclear, 
and mitonuclear by environment interactive effects  on expression primarily in females 
(MOSSMAN et al. 2017). Genes encoding for proteins in the same respiratory complex 
showed strong changes in expression despite needing similar levels of each protein in 
the assembled complex, suggesting that there must be extensive regulation of 
transcripts beyond the level of global mitochondrial transcription activity. Differential 
expression may underlie divergence in respiratory capacity between the sexes. 
Whether mtDNA effects on fitness are male or female biased is contested. Prior 
work showed large male-specific differential expression between melanogaster 
mitotypes (INNOCENTI et al. 2011). Mitochondrial alleles that have detrimental effects 
primarily in males are of particular interest in species that have strict maternal 
inheritance. If the detrimental effect of a mitochondrial variant is male-specific, its 
effects can be masked from selection due to the mitochondrial genome relying on only 
the female lineages for its inheritance, a theory often termed the “Mother’s Curse” 
(FRANK and HURST 1996). Evidence for this theory has been found in mammals as well, 
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evidenced by reduced male reproductive success in hares due to a specific mitotype 
(SMITH et al. 2010). Studies in flies have shown both male and female biases in gene 
expression (INNOCENTI et al. 2011; MOSSMAN et al. 2016b) and organismal phenotypes 
(CAMUS et al. 2015; WOLFF et al. 2016a), precluding any definitive conclusion. A meta-
analysis of functional impacts of mitochondrial variants in plants and animals suggested 
that effect sizes tend to be stronger in females, contrary to the Mother’s Curse theory 
(DOBLER et al. 2014). However, some mitotypes have strong male specific effects, such as 
the Brownsville (Texas) haplotype that is male sterile in some nuclear backgrounds, and 
reduces male fitness in others (YEE et al. 2013; DOWLING et al. 2015). A proposed 
reconciliation is that male-specific traits, e.g. sperm competition, are likely more 
sensitive to sex-specific variation than traits shared across sexes (DOBLER et al. 2014). 
Regardless, the general consensus is that mitochondrial variants can influence fitness, 
and the manner in which they do so is often sex-specific. 
Given the sex-specificity of mitochondrial effects, particular attention has been 
paid to interactions between sex chromosomes and the mitochondrial genome. The 
homogametic chromosome (X in flies and humans) is inherited more frequently in 
conjunction with the mitochondrial genome compared to autosomes and as a result 
may be selected for beneficial interactions more frequently than autosomes (RAND 
2001). The Y chromosome has been suggested to house compensatory alleles for 
mitochondrial variants with male-specific effects because its male inheritance increases 
selection to restore male function (DEAN et al. 2015). D. melanogaster lines varying only 
in mitochondrial haplotype or Y chromosome showed significant effects of 
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mitochondrial variants, but no clear evidence of co-evolved mitochondrial-Y 
chromosome interactions (YEE et al. 2015). The mechanisms underlying the evolution of 
sex-specificity of mitochondrial effects are currently unclear, though differing 
bioenergetics constraints related to reproduction could be involved. 
1.5.4 Limitations of the Drosophila Model 
 The resources available for Drosophila genetics have facilitated critical 
experiments that revealed much regarding mitochondrial, effects, mitonuclear 
interactions, and the relationship of these effects with the environment. Several 
limitations of the model, however, limit what can be learned from this system. 
Laboratory populations of Drosophila are maintained for extended time periods that 
allow for novel mutations and adaptation to these conditions. Selection in the lab may 
obfuscate patterns of natural variation. Collecting flies from natural populations can 
help to circumvent this issue, but in these cases a complex evolutionary history related 
to Wolbachia infections (BALLARD et al. 2002) or colonization history (CAMUS et al. 2017) 
may complicate interpretation of ecological forces shaping mitochondrial evolution.  
 Drosophila exhibit mitochondrial evolutionary patterns that are distinct from 
other eukaryotic lineages and thus conclusions in this model may not be broadly 
applicable. The majority of eukaryotic taxa undergo mitochondrial evolution at rates 
many times faster than their nuclear rates, however, in Drosophila and many arthropods 
the rates are only approximately 2 fold higher (HAAG-LIAUTARD et al. 2008). The small 
compact genomes of metazoans such as Drosophila, and metazoans generally, are not 
necessarily a good reference for evolutionary patterns in the larger and more complex 
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mtDNAs of fungi and plants. While many core concepts of mitochondrial evolution may 
be broadly applicable across eukaryotes the specific features of different lineages likely 
have large effects that will be vital to making proper conclusions regarding evolutionary 
patterns. 
1.5.5 Mitochondrial Genetics in Saccharomyces cerevisiae 
 Fungal mitochondrial genomes present an opportunity to explore mitochondrial 
evolution in a distinct eukaryotic lineage from plant or animal systems. Powerful 
genetics tools facilitate the investigation of mitochondrial functions in S. cerevisiae 
(LASSERRE et al. 2015; RUTTER and HUGHES 2015; ABELIOVICH and DENGJEL 2016). Recent 
advances in sequencing technology and culturing methods for isolating natural strains 
have greatly improved the utility of yeast for ecological and evolutionary study (LANDRY 
et al. 2006; REPLANSKY et al. 2008; SCANNELL et al. 2011). Combining the power of 
mitochondrial genetics in S. cerevisiae with the strain resources being developed for 
ecological and evolutionary studies promises to yield valuable insights into the dynamics 
of mitochondrial evolution. 
 S. cerevisiae grows fermentatively even in the presence of oxygen making it 
viable without a functional mitochondrial genome, which has enabled studies of loss of 
function, genome instability (BERNARDI 2005), and even successful transformation of the 
mitochondria with plasmids (STEELE et al. 1996; BONNEFOY et al. 2007; LAROSA and REMACLE 
2013). Aerobic fermentation also facilitates mitochondrial replacement in S. cerevisiae 
using crosses involving KAR1-1 mutants (Figure 1.2). During mating, the dominant KAR1-
1 mutation inhibits nuclear fusion, but cytoplasmic fusion still occurs allowing transfer of 
48 
 
mitochondria. By utilizing a KAR1-1 mutant that had its own mtDNA depleted as an 
intermediate it is possible to transfer mtDNA from any strain into a target nuclear 
background that had its original mtDNA depleted by ethidium bromide treatment. 
 Mitochondrial recombination that occurs in S. cerevisiae (reviewed in DUJON et 
al. 1974) facilitates several studies that would be difficult, or impossible, in other model 
systems. Recombination allows integration of constructs into the mtDNA which has 
allowed study of mitochondrial translation and protein assembly (STEELE et al. 1996) and 
mtDNA repair mechanisms (STEIN et al. 2015). While useful as a tool in genetics, the 
evolutionary implications of mtDNA recombination in S. cerevisiae have not been well   
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Figure 1.2 Strategy for Mitochondrial Replacement between Yeast Strains 
 
Figure 1.2 Strategy for Mitochondrial Replacement between Yeast Strains 
 The mtDNA can be exchanged between yeast strains using a KAR1-1 mutant as an 
intermediate. First, the mtDNA of the KAR1-1 mutant is depleted by treatment with a low 
level of ethidium bromide (EtBr). Then the Donor strain carrying the desired mtDNA for 
transfer is crossed to the KAR1-1 mutant. Nuclear fusion is inhibited in the zygote by the 
KAR1-1 mutation making it possible to isolate cells that bud from the zygote containing a 
haploid nuclear genome and the Donor mtDNA. Selectable markers in the nuclear genome 
are used to isolate cells with the KAR1-1 nuclear background that can respire due to 
receiving the Donor mtDNA. The process is repeated to transfer the Donor mtDNA from the 




studied. Theory predicts that recombination should increase the efficacy of selection on 
mitochondrial variants by avoiding Muller’s Ratchet, but others suggest that uniparental 
inheritance is superior for maintaining strong mtDNA purifying selection (RADZVILAVICIUS 
et al. 2017). The role of recombination in mtDNA evolution in natural populations, and 
how it can be used in the laboratory to study evolutionary phenomena, is still being 
explored. 
Natural Saccharomyces isolates are vital to decrypting evolutionary patterns in 
natural populations. Interest in Saccharomyces yeasts as an evolutionary model has led 
to the isolation of strains from a large number of natural sources (LANDRY et al. 2006; 
SCANNELL et al. 2011; PERIS et al. 2014; SYLVESTER et al. 2015; OPULENTE et al. 2018). 
Population genomics of natural isolates revealed 5 distinct subpopulations within S. 
cerevisiae with a large number of strains containing mosaic genomes with alleles from 
multiple subpopulations (LITI et al. 2009). Whether the mtDNAs were also mosaic owing 
to mtDNA recombination was not assessed. Many of these natural isolates have been 
modified with genetic markers to facilitate laboratory manipulations (CUBILLOS et al. 
2009). The availability of these natural isolates that are tractable for laboratory work 
laid the foundation for in-depth studies of nuclear and mitochondrial divergence and 
functional evolution between S. cerevisiae subpopulations. 
1.5.6 Mitonuclear Coevolution in Yeast 
 If mitochondrial variants contribute to yeast fitness, either directly or through 
nuclear interactions, then experimental evolution of laboratory populations should 
result in mitochondrial evolution with fitness consequences. Zeyl et al. (2005) generated 
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evolved populations of S. cerevisiae for 2000 generations, and then constructed 
backcrosses with the ancestor (a common laboratory strain) or a natural isolate to 
generate hybrids with 7/8ths of one parental nuclear genome, and the mitochondrial 
genome matching the 7/8ths or the 1/8th remainder. Strains with similar nuclear 
proportions but different mtDNAs showed different growth patterns in competition 
with the ancestor, suggesting a significant mitochondrial effect. Mismatch between the 
larger nuclear contribution and the mitochondrial genome generally reduced growth. 
Any novel interactions in the experimental population must have evolved within 2000 
generations suggesting this is a rapid process. However, as the nuclear genome was not 
fully controlled, it was not feasible to directly attribute these effects to the 
mitochondrial genome as opposed to varying nuclear alleles and nuclear-nuclear 
interactions. 
 Complete mtDNA sequences of natural yeast isolates were not known and thus 
the extent of variation that could contribute to phenotypic differences was not clear. 
Paliwal et al. (2014) characterized the mitotypes from 10 strains representing the 5 
known S. cerevisiae subpopulations, including mosaics, for restriction fragment length 
polymorphism (RFLP) patterns. Significant variation in RFLPs between populations 
suggested that there was significant mitochondrial variation. If mtDNA variation within 
S. cerevisiae contributes to phenotypic differences then exchanging mitotypes between 
strains should reveal mitochondrial effects and mitonuclear epistasis. Paliwal et al. 
(2014) generated all pairwise combinations of the nuclear and mitochondrial genomes 
of the ten natural isolates (10 nuclear x 10 mtDNA, 100 strains in total). The 
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replacement was achieved using crosses with KAR1-1 mutants as intermediates to 
achieve cytoplasmic transfer between strains 
 The mitochondrial replacement strains were grown under 5 distinct growth 
conditions and maximal growth rates were estimated as a proxy for fitness. In 38 out of 
50 nuclear-environment combinations mitochondrial haplotypes impacted growth 
significantly. Significant mitochondrial-nuclear interactions were found across 
conditions. Direct mitochondrial effects were strongest under temperature stress, while 
mitochondrial-nuclear epistasis was strongest when respiration was required for 
growth. The native mitochondrial-nuclear combinations of the original 10 strains 
generally performed better than strains with mismatched combinations and disrupting 
the native combinations led to epistasis more frequently. Overall these results suggest a 
significant role of mitochondrial variants in shaping evolution between natural S. 
cerevisiae subpopulations and that mitonuclear coevolution is influencing evolutionary 
dynamics.  
1.5.7 Mitonuclear Incompatibility in Yeast 
 Intraspecific mitochondrial variants influenced growth but never caused an 
intraspecific incompatibility resulting in a total loss of respiration (PALIWAL et al. 2014). In 
contrast, transferring mtDNA between divergent yeast species in the Saccharomyces 
sensu stricto complex revealed interspecific limits on respiratory capacity. 
Saccharomyces paradoxus mitotypes show variation in interspecific compatibility with S. 
cerevisiae nuclear backgrounds. Some support respiration (PROCHÁZKA et al. 2012) while 
others result in a loss of respiration (ŠPÍREK et al. 2015). Interspecific incompatibilities 
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may be due to hybrid breakdown due to BDM incompatibilities similar to those 
described in T. californicus populations.  
The molecular mechanisms have been characterized for some cases owing to the 
powerful genetic tools available in yeast. Extensive research on the function of 
mitochondrial proteins in mitochondrial transcription and translation in yeast also 
enabled the identification of mitochondrial interacting partners. Crosses between S. 
cerevisiae and the most distant member of its species complex (Saccharomyces sensu 
stricto), Saccharomyces bayanus, results in 85% of F2 progeny that are unable to 
undergo meiosis due to respiratory defects (LEE et al. 2008). Lee et al. mapped the 
incompatibility to chromosome 13 using chromosome replacement lines. 
Transformation with a cerevisiae DNA library generated colonies that could respire 
which all carried the cerevisiae AEP2 gene. Previous work had shown that this gene was 
involved in facilitation translation of the ATP9 gene (ELLIS et al. 1999), which was 
confirmed by the lack of observable Atp9p in strains expressing the incompatibility. 
 Chou et al.(2010) identified additional loci causing mitonuclear incompatibilities 
between S. paradoxus or S. bayanus mtDNA and S. cerevisiae nuclear genes using similar 
techniques (LEE et al. 2008). Hybrids carrying S. paradoxus mtDNA and S. cerevisiae 
MRS1, a splicing factor required to process introns in COX1 and COB, could not respire. 
Divergence in intron structure could underlie mitonuclear incompatibilities between S. 
cerevisiae and S. paradoxus, though some S. paradoxus mtDNAs are compatible with S. 
cerevisiae nuclear genomes (ŠPÍREK et al. 2015). S. cerevisiae MRS1 was also not 
compatible with S. bayanus mtDNA (CHOU et al. 2010). Two additional genes contributed 
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to incompatibility between S. cerevisiae nuclear genes and S. bayanus mtDNA: AIM22, 
encoding a protein involved in lipoylation with an unclear interacting mitochondrial 
partner, and CCM1, whose gene product is also involved in intron splicing and stabilizing 
the mitochondrially encoded small ribosomal RNA (MORENO et al. 2009; CHOU et al. 2010; 
JHUANG et al. 2017). Together, these results support the presence of strong mitonuclear 
incompatibilities between Saccharomyces species that have a tendency to be involved in 
mitochondrial RNA processing or translation rather than being directly involved in 
respiration. 
 CCM1 is part of a widespread family of proteins with a pentatricopeptide repeat 
(PPR) domain involved in RNA binding (JHUANG et al. 2017). Fourteen genes in the S. 
cerevisiae genome have clearly identifiable PPR domains. If PPR domains are generally 
related to mitonuclear incompatibilities then multiple PPR genes should cause 
respiratory defects when the nuclear and mtDNA alleles are mismatched. Replacement 
of S. cerevisiae PPR genes with alleles from other Saccharomyces species generated 
caused a loss of respiration for 9 out of 14 genes, suggesting that PPR proteins are 
broadly important in mitonuclear evolution. PPR proteins are commonly involved in 
plant mitonuclear incompatibilities as well by functioning as restorer of fertility genes 
that alleviate cytoplasmic male sterility (BARR and FISHMAN 2010). Interactions with 
nuclear genes not directly evolved in respiration may be a common theme in 
mitonuclear coevolution in plants and fungi. 
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1.5.8 Limitations of the Yeast Model 
 Very few mtDNA sequences were available for laboratory or natural strains of S. 
cerevisiae prior to this work which hindered studying mitochondrial evolution in yeast. 
The lack of complete mtDNA sequences despite multiple high-throughput sequencing 
studies (LITI et al. 2009; SKELLY et al. 2013; BERGSTRÖM et al. 2014) is likely due to the AT-
bias in the yeast mtDNA. Extremes in AT content, low or high, are known to cause issues 
during PCR which is done repeatedly during sequencing on Illumina platforms (CHEN et 
al. 2013; ROSS et al. 2013). When limited mitochondrial sequencing reads are available 
bioinformatics approaches may falsely impute the sequence to match the reference 
during alignment. Caution is required when interpreting studies that use such partial 
data. Availability of complete mtDNA sequences has been severely limiting for studying 
the extent and type of mtDNA variation that occurs within S. cerevisiae.  
While the nuclear genomes of S. cerevisiae show evidence of admixture, whether 
the same is true of their mtDNAs is unknown. Mitochondrial recombination may 
contribute to functional evolution in yeast, but how much it has occurred in nature or 
how frequently it occurs in the laboratory is largely unknown. It has been suggested to 
occur between Saccharomyces species (PERIS et al. 2017) and even between distant 
yeast lineages at mitochondrial introns (WU and HAO 2014), but has not been broadly 
assessed within a species. If recombination occurs frequently in laboratory crosses it 
could be used to map mitochondrial loci underlying phenotypic divergence or 
mitonuclear interactions. Additionally, if mitochondrial recombination does occur in 
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nature, then it could conceivably disrupt mitochondrial allele pairs and lead to 
incompatibilities. 
The work presented here pushes the yeast model beyond these limitations in 
several ways. In Chapter 1, I developed improved sequencing methodologies for 
assembling complete yeast mitochondrial genomes. I assessed diversity in the complete 
mtDNAs of approximately 100 yeast strains and established patterns of population 
structure in coding sequences and in intergenic elements. In Chapter 2, I established 
that mitochondrial variants contribute to phenotypic variation. I showed that 
mitochondrial recombination occurs frequently in laboratory crosses, and that 
mitochondrial recombination can reveal novel evolutionary patterns that are consistent 
with interactions between mitochondrial loci that reduce fitness in interpopulation 
mtDNA hybrids. In the appendices, I discuss further details of these findings and 
attempts to map functional mtDNA variants using recombination. Overall, this work 
helps to clarify the complexity of mtDNA evolution and guide further research using 
yeast as a model. 
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Chapter 2: Population Structure of Mitochondrial Genomes in 
Saccharomyces cerevsiae 
John F. Wolters, Kenneth Chiu, and Heather L. Fiumera 
BMC Genomics 2015 16:451 
Published online June 11th, 2015 https://doi.org/10.1186/s12864-015-1664-4 
2.1 Abstract 
Background:  Rigorous study of mitochondrial functions and cell biology in the budding 
yeast, Saccharomyces cerevisiae has advanced our understanding of mitochondrial 
genetics. This yeast is now a powerful model for population genetics, owing to large 
genetic diversity and highly structured populations among wild isolates. Comparative 
mitochondrial genomic analyses between yeast species have revealed broad 
evolutionary changes in genome organization and architecture. A fine-scale view of 
recent evolutionary changes within S. cerevisiae has not been possible due to low 
numbers of complete mitochondrial sequences. 
Results: To address challenges of sequencing AT-rich and repetitive mitochondrial 
DNAs (mtDNAs), we sequenced two divergent S. cerevisiae mtDNAs using a single-
molecule sequencing platform (PacBio RS). Using de novo assemblies, we generated 
highly accurate complete mtDNA sequences. These mtDNA sequences were compared 
with 98 additional mtDNA sequences gathered from various published collections. 
Phylogenies based on mitochondrial coding sequences and intron profiles revealed that 
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intraspecific diversity in mitochondrial genomes generally recapitulated the population 
structure of nuclear genomes. Analysis of intergenic sequence indicated a recent 
expansion of mobile elements in certain populations. Additionally, our analyses revealed 
that certain populations lacked introns previously believed conserved throughout the 
species, as well as the presence of introns never before reported in S. cerevisiae. 
Conclusions: Our results revealed that the extensive variation in S. cerevisiae mtDNAs 
is often population specific, thus offering a window into the recent evolutionary 
processes shaping these genomes. In addition, we offer an effective strategy for 
sequencing these challenging AT-rich mitochondrial genomes for small scale projects. 
2.2 Background 
Saccharomyces cerevisiae has long been at the center of mitochondrial genetics, 
owing to a facultative anaerobic lifestyle and powerful genetic tools. Most 
mitochondrial research has focused on a limited number of laboratory strains, allowing 
for exacting functional studies of mitochondrial processes. Recently, this budding yeast 
has blossomed into a model for evolutionary biology (HITTINGER 2013; BORNEMAN and 
PRETORIUS 2014; ZARIN and MOSES 2014). Genome resequencing projects have revealed 
genetic diversity and natural population structures of S. cerevisiae (LITI et al. 2009; WANG 
et al. 2012; CROMIE et al. 2013; STROPE et al. 2015). The diversity in mitochondrial 
genomes has not been so thoroughly assessed. 
Evolution of S. cerevisiae mitochondrial DNAs (mtDNAs) differs from nuclear 
genome evolution in multiple ways. Despite strong purifying selection on mtDNAs, 
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intraspecific mitochondrial variation in S. cerevisiae is extensive, owing mainly to 
differences in intergenic sequences and mobile elements (reviewed in GROTH et al. 2000 
and described below). Replication of mtDNA is not tied to the cell cycle (LECRENIER and 
FOURY 2000), contributing to higher mutation rates in mtDNAs than in nuclear genomes 
(FOURY et al. 2004). In yeast, inheritance of mtDNAs is usually biparental (SOLIERI 2010), 
although the distribution of parental mitochondrial alleles in progeny is difficult to 
predict. This is due, in part, to different admixtures of parental mtDNAs in zygotes, 
mitochondrial recombination, and subsequent loss of heteroplasmy (WESTERMANN 2014). 
Additionally, mobile elements in mtDNA may move laterally within populations 
(GODDARD and BURT 1999). Together, these factors may cause mitochondrial sequences 
to diverge from nuclear population structure. 
The mtDNAs of S. cerevisiae contain three subunits of the ATP synthase complex 
(atp6, atp8 and atp9), apocytochrome b (cob), three subunits of the cytochrome c 
oxidase (cox1, cox2, and cox3), and one ribosomal protein (rps3/VAR1). The 
mitochondrial genome also encodes large and small rRNAs (rnl and rns), an RNA 
component of the mitochondrial RNase P (rnpB) and 24 tRNAs (FOURY et al. 1998). In S. 
cerevisiae, these genes are separated by long AT-rich intergenic sequences and 
numerous introns. Repetitive GC-rich regions, known as GC clusters, intersperse the 
otherwise AT-rich mtDNAs (ZAMAROCZY and BERNARDI 1986; WEILLER et al. 1989). These 
clusters typically fall within non-coding sequences, but are also inserted into rps3/VAR1 
and ribosomal RNA genes, where they alter the size of the resulting gene products 
(DUJON 1980; HUDSPETH et al. 1984; BUTOW et al. 1985). Their palindromic nature likely 
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influences mtDNA structure, which may explain associations with mtDNA instability 
(SPÍREK et al. 2002) and mitochondrial recombination (DIECKMANN and GANDY 1987). It has 
been proposed, but never formally tested, that GC cluster-induced structural changes 
may affect gene regulation (HAUSNER 2003). 
Optional group I and group II introns (differentiated by characteristic RNA 
secondary structures) also contribute to intraspecific mtDNA variation. Self-encoded 
homing endonucleases and reverse transcriptases facilitate intron mobility (LANG et al. 
2007) and acquired maturase activities aid in their preservation (BELFORT 2003). In S. 
cerevisiae, mitochondrial introns are found within cox1 (group 1: aI3α, aI3γ, aI4α, aI4β, 
aI5α, aI5β, aI5γ; group II: aI1, aI2, and aI5γ), cob (group I: bI2, bI3, bI4, bI5; group II: 
bI1β) and rnl (group I: Ω) (FOURY et al. 1998). Additional introns observed in other 
Saccharomyces species include the group I introns aI3β in cox1 and bI1α in cob (ŠPÍREK et 
al. 2015). Incompatibilities between nuclear-encoded splicing factors and non-native 
introns provide credible support to theories that mitochondrial-nuclear coevolution 
have contributed to speciation of Saccharomyces yeasts through Dobzhansky-Muller-
type incompatibilities (SULO et al. 2003; LEE et al. 2008; CHOU et al. 2010; PROCHÁZKA et al. 
2012; ŠPÍREK et al. 2015). However, some incompatibilities are strain-specific (PROCHÁZKA 
et al. 2012; ŠPÍREK et al. 2015) and highlight the importance of investigating 
mitochondrial diversity within, in addition to between, species. 
The low number of available mtDNA sequences for S. cerevisiae yeasts has 
limited population genetic analyses. The mitochondrial genome of the reference strain 
was fully sequenced in 1998 (FOURY et al. 1998), and until recently, very few additional 
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mtDNAs were solved (WEI et al. 2007; AKAO et al. 2011; ULAGANATHAN et al. 2015). The 
lack of mitochondrial genomes produced by most high-throughput sequencing projects 
is most likely based on biases against the AT-rich and repetitive DNA during library 
preparation, sequencing and alignment (CHEN et al. 2013; ROSS et al. 2013) and discussed 
in (PROCHÁZKA et al. 2012), but complete mtDNA sequence reconstruction is possible 
(ULAGANATHAN et al. 2015). A particularly robust resequencing project recently released 
mtDNA sequences for 93 strains (STROPE et al. 2015), thus providing substantial new 
resources for mtDNA population genetics. Despite these methodological advances in 
large-scale projects, sequencing these AT-rich and complex mtDNAs remains 
challenging, especially for smaller scale studies. 
In this study, we sequenced two mitochondrial genomes using PacBio-RS. This 
single-molecule sequencing platform was successfully used for both chloroplast and 
microbial genomes (FERRARINI et al. 2013; CHIN et al. 2013), suggesting it may be useful 
for solving Saccharomyces genomes for a small number of strains. We then compared 
these two newly generated sequences with 98 additional mtDNA sequences to provide 
a comprehensive picture of intraspecific mtDNA sequence variation in S. cerevisiae. Our 
analyses revealed population-specific genic and intergenic sequence structure including 
novel intron variation. 
2.3 Results 
De Novo assembly of S. cerevisiae mtDNAs 
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To assess the feasibility of resolving AT-rich yeast mitochondrial genomes 
utilizing single-molecule real time sequencing (SMRT), we first generated a complete 
mitochondrial genome for S. cerevisiae strain NCYC3594 (CUBILLOS et al. 2009), a haploid 
derivative of YJM975 (MCCULLOUGH et al. 1998). The nuclear genome of this 
wine/European isolate has been sequenced numerous times using Illumina sequencing 
(LITI et al. 2009; SKELLY et al. 2013; BERGSTRÖM et al. 2014; STROPE et al. 2015). Only 
recently was a complete mitochondrial sequence for YJM975 solved (STROPE et al. 2015). 
We sequenced an 800 bp library created from a sample enriched for mtDNA. The long 
read lengths (average = 606 bp) facilitated a de novo assembly that produced a single 
contig with length and GC content consistent with the S288C mitochondrial genome. In 
addition to the mitochondrial contig, the sequencing reaction produced numerous reads 
that assembled into shorter (<5 kb) contigs with GC contents more representative of the 
nuclear genome (>30 %). Following assembly quality improvements, the resulting 
mtDNA sequence for NCYC3594 was 78,917 bp with a GC content of 16.1 %. 
We also sequenced an additional mtDNA from strain NCYC3585 (CUBILLOS et al. 
2009), a haploid derivative of 273614N (LITI et al. 2009). To reduce nuclear DNA 
contamination in the sequencing sample, intact mitochondria were treated with DNase 
prior to isolation of mtDNA. This increased the mtDNA:nDNA ratio in the DNA samples 
from 0.3:1 (for NCYC3594) to 776:1 (for NCYC3585). We used a longer insert size (6 kbp) 
in the sequencing reaction to obtain average read lengths of 2055 bp. Following de novo 
assembly and quality refinements, the mtDNA sequence for NCYC3585 was 76,596 bp 
with a GC content of 15.1 %. 
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To assess the quality of these assemblies, we aligned these sequences with 
mitochondrial sequences from the respective parental strains (STROPE et al. 2015). The 
differences between the mtDNA sequences for NCYC3594 and YJM975 were limited to 7 
small indel polymorphisms, ranging from 1 to 25 bp (summing to 41 bp in total, <0.0006 
% disagreement). The differences between NCYC3585 and YJM1450 (alias 273614N) 
were 3 indels, including 2 singletons and a 7 bp indel (<0.02 % disagreement, 
Supplemental Table S2.1). All indels occurred within AT-rich intergenic regions. It is not 
known whether these small differences were due to strain specific polymorphisms or 
sequencing/assembly errors, but overall, the mtDNAs were nearly identical. Thus, 
single-molecule sequencing approaches generated highly accurate sequences of 
Saccharomyces AT-rich mtDNA. 
Intraspecific diversity of mitochondrial protein coding sequences 
To explore intraspecific mitochondrial evolution in S. cerevisiae, we first 
investigated phylogenetic relationships among protein coding sequences from 99 
unique strains. We compared coding sequences from complete mtDNA sequences 
including the newly obtained sequences presented here, with those from the reference 
strain S288C (FOURY et al. 1998), industrial isolate NCIM3107 (ULAGANATHAN et al. 2015), 
sake strain Kyokai No. 7 (AKAO et al. 2011), clinical isolate YJM789 (WEI et al. 2007), and 
93 additional strains from a recently released dataset (STROPE et al. 2015). In sum, these 
strains include those from distinct ancestral populations, as previously described (LITI et 
al. 2009) including wine/European (n = 30), North American (n = 2), West African (n = 4), 
Malaysian (n = 1), and Sake (n = 5) lineages, as well as a large number of strains with 
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admixed genetic backgrounds (n = 57). A complete strain list and accession numbers 
provided in Supplemental Table S2.2. 
A phylogenetic tree was built based on alignment of the concatenated coding 
sequences of cox1-atp8-atp6-cob-atp9-rps3-cox2-cox3, using sequences from S. 
paradoxus (PROCHÁZKA et al. 2012) as an outgroup (Figure 2.1). Based on a total of 457 
polymorphic positions across 6762 total aligned base pairs, mitochondrial sequences 
grouped into three broad clades. Mitochondrial genes from Asian strains (sake and 
Malaysian) and North American strains formed one large clade. Within this clade, 
sequences from the North American strains formed a distinct lineage from the Asian 
strains. A second distinct clade consisted mainly of wine/European strains. Sequences 
from three West African strains formed a third distinct clade. A single West African 
isolate grouped nearest to the sake lineage. 
The strains with admixed (mosaic) ancestries had mtDNA sequences that mainly 
grouped within the larger Asian/North American clade, or within the European strains. 
We subdivided these mosaic strains into mosaic-A (Asian/North American), and mosaic-
B (European) populations. Outliers in these groupings included two mosaic strains more 
closely related to the West African strains, and a single mosaic strain, YJM1399. 
Mitochondrial sequences from YJM1399 clustered more closely to S. paradoxus than to 
other S. cerevisiae strains. The nuclear background of this mosaic strain was also 
significantly diverged (particularly in the number of insertions and deletions) [6], and 
thus, was treated independently for subsequent analyses. Overall, the phylogenetic 
analysis of mitochondrial sequences largely recapitulated the population structures 
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obtained by previous analysis of their nuclear genomes; wine/European, West African, 
sake/Asian, and North American strains were phylogenetically distinct from each other 
and from most strains with mosaic ancestry. 
We assessed polymorphisms within the species in each gene separately 
(Supplemental Table S2.3). The genes atp8 and atp9 each contained no nonsynonymous 
mutations and only one synonymous site, and the lowest nucleotide diversities of all 
coding sequences (π = 0.0033 and 0.0017, respectively). Nonsynonymous variation was 
observed in all other genes, with the highest nonsynonymous/synonymous 
polymorphism ratio in atp6 (pN/pS = 0.172). Consistent with the known intraspecific size 
variations in rps3/VAR1 [19], most of the coding sequence polymorphism occurred in 
this gene (161 polymorphic sites). We obtained similar phylogenetic groupings using 
alignments of concatenated coding sequences omitting rps3 or of individual genes (not 
shown). Despite the different degrees of variation between the coding sequences, the 
phylogeny was not overly sensitive to variation within any one gene. 
Divergent strains contain extensive indel variation across their mtDNAs 
To assess whether patterns of mitochondrial variation are consistent between 
divergent populations, nine mtDNAs were chosen to reflect mitochondrial diversity 
across the species. These included the mtDNAs from NCYC3594 and YJM1078 
(European), YJM1273 (North American), YJM1388 (sake), YJM1439 (West African), 
NCYC3585 and YJM789 (mosaic-A), YJM1401 (mosaic-B), and the reference strain, 
S288C. We performed a multiple genome alignment followed by extensive manual 
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curation to properly align intron/exon boundaries and correct misalignments of large, 
repetitive intergenic sequences. A fully annotated and interactive alignment file is 
provided in Supplemental Figure S2.1. 
Consistent with known size variation, extensive indel polymorphism was 
observed across the genomes, particularly in intergenic and intronic regions (Fig. 2.2). 
These mtDNAs ranged from 76,596 bp (NCYC3585) to 86,214 bp (YJM789), with size 
differences due to intron content, many small indels (<100 bp), and a small number of 
large indels that generally corresponded to known variable hypothetical ORFs. Coding 
sequences, representing less than 8.6 % of mitochondrial genome, were conserved and 
syntenous. Nucleotide diversity of intergenic regions (π =0.1782) was significantly higher 
than for exons (π =0.0138), mainly due to indel variation. Excluding indels, nucleotide 
diversity of intergenic regions was significantly reduced (π = 0.0147) but was still twice 
that of exons (π = 0.007). Within the coding sequences, indels occurred in the 
hypervariable rps3/VAR1 gene (HUDSPETH et al. 1984), and one instance of an in-frame 3 
bp insertion in cob. 
Mobile GC clusters exhibit population specific patterns of variation 
Mobile GC-clusters are a known source of indel variation in Saccharomyces 
mtDNAs (SPÍREK et al. 2002). These clusters range between 30–80 bp and have been 
characterized into distinct classes based on consensus sequences (ZAMAROCZY and 
BERNARDI 1986; WEILLER et al. 1989). Most GC clusters fall into the M1 and M2 classes 
(following the classifications defined in WEILLER et al. 1989) in both S. cerevisiae and S. 
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paradoxus (PISKUR et al. 1998; SPÍREK et al. 2002; PROCHÁZKA et al. 2012). Subclasses of M1 
and M2 clusters (M1’, M2’, and M2”) are similar to their parent classes but contain 
specific insertions or deletions. M3 and M4 classes are found within tandem arrays of 
GC cluster repeats. The G and V classes are optionally found in ori sequences and the 
rps3 gene, respectively. 
We first determined the number and classes of GC clusters in all 99 complete 
mitochondrial genomes (Supplemental Table S2.4). On average, each strain had 120 ± 22 
classifiable GC-rich motifs. The majority of these GC clusters appeared as single 
elements, with an average of 21 ± 7 tandem arrays of 2 or more clusters per strain. 
Consistent with previous descriptions (ZAMAROCZY and BERNARDI 1986; WEILLER et al. 1989; 
FOURY et al. 1998), the numbers of M1 (43 ± 10) and M2 (26 ± 6) clusters were highest. 
On average, M3 and M2’ clusters were equally represented (15 ± 4) and observed more 
frequently than the remaining classes (mean < 7). We also scanned each genome for GC-
rich regions that did not fit a consensus sequence, identifying an average of 42 ± 5 
additional positions per strain. These unclassified GC-rich regions were often associated 
with tandem arrays of GC clusters and are likely degenerate variants of the main classes. 
The variation in GC clusters demonstrated population specific patterns (Fig. 2.3 
and Table 2.1). While the number of clusters varied between populations for each class 
(individual ANOVAs, P ≤ 1.0 x 10−3), the M4 clusters demonstrated the largest 
population specific effect (P ≤ 1.0 x 10−26). West African strains contained significantly 
more M4 clusters (18 ± 6) than any other population (2 ± 1). 
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To determine if GC clusters ever occurred in conserved positions, we examined 
the nine mtDNA multiple alignment. These mtDNAs contained a total of 1087 
classifiable GC clusters that populated 282 unique positions. GC clusters were conserved 
at only 13 positions. These represented most classes (7 M1, 2 M2, and 1 each in M2”, 
M3, M4, and V classes) and were evenly distributed across the genome. 
We more closely examined the apparent expansion of M4 clusters in the West 
African lineage by examining the West African representative in the multiple alignment. 
All 22 of the M4 clusters in YJM1439 (West Africa) were found in short tandem arrays 
containing the M4 cluster and an M1 cluster, including 2 of the 7 conserved M1 clusters. 
In nearly all identified cases (21/22), the M4 cluster was located upstream of its 
associated M1 cluster, suggesting that the M4 cluster may target the upstream TAG 
motif in conjunction with the 5′ region of the M1 cluster. 
Additional repetitive characters across the genomes were identified in three 
mtDNAs using a k-mer counting method (KURTZ et al. 2008). Highly repetitive short AT-
rich sequences were observed only when using 15-mer scans (Supplemental Figure 
S2.2). These consisted of di- to penta-nucleotide repeats consistent with slippage during 
replication. Highly repetitive GC-rich sequences were only observed at k-mer scans 
under 50 bp. 
Novel mosaicism in intron patterns 
Fifteen distinct introns have been described in S. cerevisiae mitochondrial 
genomes (FOURY et al. 1998; WEI et al. 2007). We compared the mitochondrial intron 
69 
 
profiles for 104 unique strains, including data from a deep sequencing project that did 
not provide complete mitochondrial genomes (BERGSTRÖM et al. 2014) but did provide 
read coverage for most coding sequences. The intron profiles generated were similar for 
strains appearing both in partial sequences from BERGSTRÖM et al. 2014 and complete 
sequences from STROPE et al. 2015, thus providing a measure of confidence for deducing 
intron content from the partially sequenced mtDNAs. 
Mitochondrial introns are remarkable variable, resulting in mosaic 
presence/absence patterns between individual strains. Seven of the nine introns in cox1 
are known as optional (FOURY et al. 1998; WEI et al. 2007). In this analysis, the presence 
of these variable introns ranged from 25-91 % in the 104 mtDNAs analyzed (Table 2.2). 
We also observed variation in the cox1-ai5β and cox1-ai5γ intron. We could not find 
reports documenting absence of these introns within S. cerevisiae. However, inter- and 
intra-specific variation in other Saccharomyces species has been observed (ŠPÍREK et al. 
2015); cox1-ai5β was prevalent throughout the genus but absent in S. kudriavzevii and 
the cox1-ai5γ was variable between S. paradoxus isolates. Five introns interrupt the cob 
gene in S. cerevisiae and “long” (containing all five introns) and “short” (containing just 
the last two introns) forms of this gene have been reported (FOURY et al. 1998). 
Consistent with these observations, the final two introns (cob-bi4 and -bi5) were 
invariably present in all S. cerevisiae strains. We also found strains lacking just cob-bi1β 




Though mitochondrial intron content is known to vary in a strain-dependent 
manner, comparative studies have revealed that the occurrence of certain introns 
follows species divisions (CHOU and LEU 2010; ŠPÍREK et al. 2015). The cox1-ai3β intron 
has never been found in S. cerevisiae species, and our findings were true to this 
classification. Similarly, we did not find evidence of a rare cox1 intron (ai4γ) that has 
only been observed in S. bayanus. We did, however, find evidence of the cob-bI1α 
intron in a small number of strains (5 %). To our knowledge, this intron has not 
previously been reported in S. cerevisiae but has been observed in much of the 
Saccharomyces genus (ŠPÍREK et al. 2015). Interestingly, strains with this intron also 
contained the five common S. cerevisiae introns, and showed no evidence of 
introgression of cob exon sequences. 
One exception to the species-specific intron structure was the mosaic strain, 
YJM1399. This strain contained the cox1-ai3β intron (inserted at the same location as in 
other species), and lacked the otherwise conserved cob-bi4 and –bi5 introns. The 
sequence of the cox1-ai3β intron most closely matched a sequence from the distantly 
related yeast Lachancea meyersii (Genbank: HE983614.1, 53 % coverage, 92 % identity) 
and shared little, if any, homology with the cox1-ai3β intron from S. paradoxus. Other 
portions of the mitochondrial genome were highly homologous to those of other S. 
cerevisiae strains. 
To determine if intron profiles were related to population structure, we 
compared intron content between each population (Table 2.2). The highly prevalent 
cob-bi1β and cob-bi2 introns were nearly absent in the sake population and Malaysian 
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strain. No West African strain contained the cox1-ai5β or -ai5γ intron (previously 
thought to be conserved). The nearly identical mtDNA sequences of the three North 
American isolates lacked the frequently observed cox1-ai3α intron. A phylogenetic tree 
based on character states of intron presence/absence (Supplemental Figure S2.3) was 
highly concordant with the phylogeny built from coding sequences (Figure 2.1); West 
African, sake/Malaysian, and North American strains were organized into distinct groups 
(with one exception within the sake strains). Intron patterns of wine/European and 
mosaic strains were more variable. Individual intron profiles for each strain are reported 
in Supplemental Table S2.5. 
2.4 Discussion and conclusions 
Comparisons of mtDNAs between Saccharomyces species and other 
Hemiascomycetous yeasts have revealed broad evolutionary changes in mtDNA 
evolution, particularly in regards to genome organization (SOLIERI 2010; FRIEDRICH et al. 
2012; GAILLARDIN et al. 2012). Few population genetic investigations on intraspecific 
mtDNAs in yeasts exist (FRIEDRICH et al. 2012; JUNG et al. 2012; FREEL et al. 2014), and 
none for Saccharomyces species. To provide a window onto recent evolutionary changes 
in the mtDNA, we compared the intraspecific genetic variation in mitochondrial 
genomes from 100 strains of S. cerevisiae. 
Through phylogenetic analysis of coding sequences, we found that these 
mtDNAs were organized into three broad clades that shared remarkable resemblance to 
clades constructed using the thousands of SNPs across nuclear sequences (LITI et al. 
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2009; STROPE et al. 2015), albeit at lower resolution. Populations according to nuclear 
divergences organize strains into 5 non-mosaic populations (wine/European, West 
African, sake, Malaysian, and North American). From mitochondrial coding sequences 
alone, discrete populations for West African and wine/European ancestry were 
observed. Resolution of North American and Asian mtDNAs clades were more obscured, 
although each maintained distinct lineages within a broader clade. Strains with known 
mosaic ancestry grouped predominantly as two subclades peripheral to the 
wine/European or Asian/North American clades. Many of these mosaics are strains 
domesticated for human activities (or perhaps the result of admixing between wild and 
domesticated strains (HYMA and FAY 2013)). High prevalence of mitochondrial mosaic 
strains were intermixed among the wine/European and Asian strains suggests that 
mitochondrial genomes, like their nuclear counterparts, also contain mixed ancestry. 
This implies that mitochondrial recombination occurs frequently during admixture. 
Mobile elements, including introns, also had population specific profiles. Intron 
pattern were not fixed within each population (wine/Euro, West African, etc.), but 
substantial trends between populations emerged. One example is in the optional cox1-
ai1 intron, which was omnipresent in all sake and West African strains but only found in 
38 % of wine/European strains and none of the North American isolates. Newly 
discovered variation in introns previously thought fixed in S. cerevisiae was also related 
to population structure; the cob-bi1β intron was only missing in sake and West African 
strains while being highly prevalent in all other populations. Similarly, the cob-bi1α 
intron, never previously reported within S. cerevisiae mtDNAs, was observed only in a 
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small number of mosaic strains whose mtDNAs were most closely related to those of 
the wine/European strains (our “mosaic-B” group). While the ancestry of these mosaic 
strains are a subject of speculation, intron flanking sequences in their cob exons were 
more similar to the cob genes in S. cerevisiae than S. paradoxus, suggesting that this 
intron is not the result of introgression of a non-native cob allele. Intron analysis also 
revealed an interesting mitochondrial ancestry for mosaic strain, YJM1399. This strain 
contained an intron at the (non-cerevisiae) cox1-aI3β insertion site that most closely 
resembled a sequence from Lachancea, and contained an intron-less cob despite 
complete conservation of several cob introns throughout the rest of the S. cerevisiae 
strains. Several fixed substitutions in the coding sequences of this mosaic relative to S. 
cerevisiae and S. paradoxus suggested this was a non-cerevisiae mtDNA. Other regions 
of the mtDNA, however, were homologous to S. cerevisiae mtDNA. This mosaic strain 
likely provides an example of mitochondrial introgression and not replacement. 
Genetic diversity in S. cerevisiae extends past what has been measured here 
(WANG et al. 2012), and it is likely that as larger genetic space is sampled, additional 
mitochondrial mosaics and intron variants will be revealed. Analysis of allelic variation 
within intron sequences may provide deeper insight into mitochondrial evolution, 
however, we found that a simple binary presence/absence analysis was sufficient to 
reconstruct the populations described here. Insertion mechanisms that occur during 
intron homing are mutagenic to residues in flanking sequences (MUELLER et al. 1996; 
SANCHEZ-PUERTA et al. 2011). Thus, the phylogenies created by coding sequences are 
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likely influenced by population-specific intron profiles and the accompanying co-
conversion of exon sequences. 
Patterns of GC clusters also demonstrated population structure. The total 
numbers of clusters ranged from an average of ~76 in North American strains to ~153 
clusters in West African strains. Each population had significantly different patterns in 
the numbers and types of GC clusters, however the West African strains appear to have 
undergone a recent expansion of the rare M4 cluster. While M4 clusters can be at the 
first position of a tandem GC cluster array (WEILLER et al. 1989), the M4 clusters in the 
West African strains were almost exclusively found following an M1 cluster. M2 clusters 
generally paired with M3 clusters in tandem arrays. 
Phenotypic variation in wild yeasts is believed to follow population history 
(WARRINGER et al. 2011). The population specific genetic structure in mtDNAs may play a 
role in phenetic groupings. In S. cerevisiae, strains with a common nuclear background 
but harboring different mtDNAs had slightly different growth rates (PALIWAL et al. 2014), 
demonstrating that naturally variation in mtDNAs can affect phenotype. It is easy to 
imagine how allelic differences in oxidative phosphorylation genes (and corresponding 
gene networks) could contribute to different efficiencies in mitochondrial respiration. 
Intergenic mtDNA sequences may also contribute to phenotypic differences, directly or 
indirectly. Mobile GC clusters affecting recombination (DIECKMANN and GANDY 1987) may 
influence mtDNA replication and inheritance or interfere with mitochondrial translation 
(as in the case of translational bypass elements that are believed to have evolved from 
GC clusters (NOSEK et al. 2015)). GC clusters are also correlated with petite frequency in 
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Saccharomyces yeasts (SPÍREK et al. 2002). Possibly, the elevated petite frequency 
observed in the West African-related laboratory strain, SK1 (DIMITROV et al. 2009), is due 
to an elevated number of GC clusters predicted in this phylogenetically distinct group. 
While S. cerevisiae introns are not essential for mitochondrial respiration , they may 
offer an underappreciated regulatory role (TURK et al. 2013; GRAND et al. 2014; KANIAK-
GOLIK and SKONECZNA 2015). Absence of introns in certain populations may relax selection 
on the nuclear encoded splicing factors, thus contributing to the creation of cytonuclear 
incompatibilities that play a role in post-zygotic speciation in these lower eukaryotes 
(SULO et al. 2003; LEE et al. 2008; CHOU et al. 2010; PROCHÁZKA et al. 2012; ŠPÍREK et al. 
2015). 
The whole-genome duplication preceding the evolution of the Saccharomyces 
genus is thought to have relaxed selection on mitochondrial functions, as evidenced by 
increased nonsynonymous mutations and relaxed codon bias in mitochondrially-
targeted nuclear genes involved in respiration (JIANG et al. 2008). We observed more 
frequent nonsynonymous polymorphisms in atp6, consistent with relaxed purifying 
selection on this gene. The nonsynonymous to synonymous ratio of intraspecific 
polymorphisms for atp6 (pN/pS = 0.172) was actually higher than that for the rps3/VAR1 
excluding indel variations (pN/pS = 0.142), a mitochondrial gene known for intraspecific 
diversity (HUDSPETH et al. 1984). Interestingly, this mirrors intraspecific polymorphisms 
observed for the atp6 gene in L. kluyveri (JUNG et al. 2012), a yeast that evolved before 
the whole genome duplication. This gene has also been implicated in tests of positive 
selection in other organisms (RUIZ-PESINI et al. 2004; BAYONA-BAFALUY et al. 2005; GAGNAIRE 
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et al. 2012). There were almost no nonsynonymous substitutions between S. cerevisiae 
and S. paradoxus, precluding formal tests of selection. Even if a distinct evolutionary 
pattern for atp6 exists, it is likely that these closely related species are under very 
similar selection patterns. 
In Saccharomyces, mitochondrial population genetics studies have been limited 
by low numbers of available mtDNA sequences. High coverage sequencing projects 
routinely produce only partial mitochondrial sequences (SKELLY et al. 2013; BERGSTRÖM et 
al. 2014). The recovery of complete mtDNAs proves that robust methodologies can be 
used to reconstruct these challenging genomes from Illumina-based datasets (JUNG et al. 
2012; STROPE et al. 2015). Here, we have shown that high quality mtDNA sequences can 
be produced from single molecule sequencing data. While Illumina sequencing proves to 
be useful for large-scale mitochondrial genome sequencing, the PacBio RS platform 
offers a cost-efficient method when only a small number of mitochondrial genomes are 
required. 
2.5 Methods 
Isolation of mtDNA 
Prior to DNA isolation, crudely purified mitochondria were prepared as 
previously described (GLICK and PON 1995). Strain NCYC3594 (a haploid derivative of 
YJM975 (CUBILLOS et al. 2009)) was grown overnight at 30°C in 1.5 L YPD media (1 % 
yeast extract, 2 % peptone, 2 % dextrose). Late-log phase cells were harvested, washed, 
and incubated for 10 min at 30 °C in approximately 30 ml of 100 mM Tris-SO4 pH 9.4 
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containing 10 mM DTT. Cells were resuspended in 1.2 M sorbitol, 20 mM KH2PO4 pH 7.4 
(7 ml/g wet weight cells) containing 0.5 mg/ml Zymolyase 20T (Nacalai Tesque Inc.) and 
incubated while rocking at 30 °C until spheroplasts occurred (~45 min., determined by 
optical clearing of 50 μl cell suspension added to 0.5 ml H20), followed by physical 
shearing of cells using a 40 ml tissue grinder. Mitochondria were separated from 
unbroken cells and cell debris through alternating rounds of centrifugation of 5 min at 
5000 rpm and 12 min 12000 rpm in a Sorvall F21S-8x50Y rotor. 
Mitochondrial fractions for strain NCYC3585 (a haploid derivative of 273614N 
(CUBILLOS et al. 2009)) were collected as described above, except that cells were grown 
in YPEG media (1 % yeast extract, 2 % peptone, 3 % ethanol, 3 % glycerol). These 
mitochondrial enrichments were also subjected to a DNase treatment (STORTI and 
SINCLAIR 1974) by incubating in 1 ml 0.3 M sucrose, 5 mM MgCl2, 50 mM Tris–HCl pH 8.0, 
10 mM CaCl2 containing 100 units of DNase (New England BioLabs) for 30 min. at 37 °C. 
DNases were inactivated by the addition of 0.5 M EDTA (pH 8.0) to a final concentration 
of 0.2 M. The mitochondria were washed to remove DNases through 3 repeated cycles 
of centrifugation (15000 rpm at 4 °C, 10 min) and resuspended in sucrose buffer. 
The resulting mitochondria-enriched cell fractions were lysed in ~500 μl of 1 % 
Sarkosyl, 100 mM NaCl, 10 mM EDTA pH 8.0, Tris pH 8.0, and incubated at room 
temperature until optical clearing occurred (~30 min). DNA was isolated using phenol-
chloroform extraction and ethanol precipitation. Purity of mtDNA (O.D. 260/280 = 1.8-
2.0) was determined using a NanoDrop-1000 spectrophotometer. 
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Real Time PCR 
Real-time PCR was used to determine the relative abundance of nuclear and 
mitochondrial DNA. Primer sequences for ACT1 (5′ GTATGTGTAAAGCCGGTTTTG and 
5′CATGATACCTTGGTGTCTTGG) and cox1 (5′ CTACAGATACAGCATTTCCAAGA and 5′ 
GTGCCTGAATAGATGATAATGGT) were obtained from TAYLOR et al. 2005. Each gene was 
amplified from dilutions of the purified mtDNAs using SYBR Green master mix (ABi 
Research) on an ABi 7300 Real Time PCR System. The ratio of mtDNA to nuclear DNA 
was determined as the logarithm of the difference in the cycle threshold values (log2 
ΔCT), after correcting for genome size. 
Sequencing 
Approximately 2 μg of purified mtDNAs were sequenced using the PacBio RS at 
the Yale Center for Genomic Analysis following circular consensus sequencing protocols. 
A library created from ~800 bp fragments of the mtDNA from NCYC3594 was sequenced 
using C1 chemistry, producing 38,681 reads. A library created from ~6 kbp fragments of 
fractionated mtDNA from NCYC3585 was sequenced using C2 chemistry, producing 
7,360 reads. A single SMRT Cell was used for each library. Reads less than 50 bp were 
removed. 
Mitochondrial genome assembly and annotation 
Circular consensus reads were assembled using MIRA v3.4.1 (NCYC3594) and 
MIRA 3.9.17 (NCYC3585) with parameters: denovo, genome, accurate (CHEVREUX et al. 
1999). The assembly for NCYC3585 produced two major contigs that overlapped 
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(identified using MUMmer 3.0 (KURTZ et al. 2004)) by ~3000 bp and were manually 
joined to form a single scaffold. Consensus sequences and assembly qualities of the final 
scaffolds were improved by employing the Quiver consensus algorithm to map reads 
back to contigs and correct sequencing errors (CHIN et al. 2013). 
The average read quality for NCYC3594 was Q16.24, which improved to an 
average assembly quality of Q17.85 after Quiver. The average quality for the 273614N 
reads was Q15.95, which improved to Q45.83 after Quiver. Hand curation of each 
genome revealed a large duplicated sequence in an AT-rich intergenic region of 
NCYC3594 and was manually removed. Sequences were annotated using MFANNOT 
(LANG et al. 2007). The annotations were verified with BLAST searches of features in the 
reference sequence (FOURY et al. 1998). Annotations included only tRNA sequences that 
were triply identified by MFANNOT, BLAST, and tRNAscan-SE (SCHATTNER et al. 2005). 
Annotations were manually curated to ensure correct intron/exon boundaries. 
The mitochondrial genome from S. cerevisiae is organized as a collection of linear 
concatemers that map to a circular genome (MALESZKA et al. 1991; BENDICH 1996). 
Consistent with circularity, we found reads that aligned to both ends of each linear 
scaffold (≥360 bp on both ends with > 80 % identity). The linear scaffolds were 
reorganized to match the S288C reference genome start position. 
Alignments and phylogenetics 
Mitochondrial protein coding sequences were extracted from 99 strains. Strain 
names and accession numbers are provided in Supplemental Table S2.2. A 6765 bp 
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alignment of the concatenated CDS was generated utilizing Clustal Omega (SIEVERS et al. 
2011). A neighbor-joining (SAITOU N 1987) tree was constructed utilizing MEGA6 (TAMURA 
et al. 2013). The S. paradoxus strain CBS432 was used as an outgroup. The proportion of 
synonymous to non-synonymous polymorphisms within S. cerevisiae (pN/pS) was 
calculated using PAML (NEI and GOJOBORI 1986; YANG 2007). 
An initial multiple alignment was constructed using the LAGAN (BRUDNO et al. 
2003) algorithm in the mVISTA suite of programs (DUBCHAK and RYABOY 2006) using the 
mtDNA sequences from S288C, YJM789, NCYC3594, and NCYC3585. Sequences from 
YJM1078, YJM1273, YJM1388, YJM1401, and YJM1439 were added to the multiple 
alignment utilizing MAFTT (KATOH and FRITH 2012). Alignments were manually curated to 
fix exon/intron boundaries and indels. Nucleotide diversity was calculated to allow for 
multiple minor alleles using the per site summation method. Genome polymorphism 
was assessed by counting individual polymorphic sites in sliding windows of 100 bp in 50 
bp steps across the multiple alignment. 
Additional analyses 
GC clusters classifications were defined according to (WEILLER et al. 1989), using 
consensus sequences (Supplemental Table S2.6). The GC clusters were identified using 
BLAST. GC-rich areas (>60 % GC) not matching consensus sequences were identified 
through 30 bp sliding window scans. Tandem GC cluster assays were defined as GC-rich 
regions that overlapped with at least two classified clusters. One-way ANOVAs were 
performed within each classification (count ~ population) and significance determined 
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following a Bonferroni correction. Conserved GC clusters were identified as sites in the 
multiple alignment with overlapping GC-rich regions, followed by manual verification. 
Genome wide scans for repetitive elements in the mtDNAs from S288C, NCYC3594 and 
YJM789 were performed utilizing Jellyfish (MARÇAIS and KINGSFORD 2011) with k-mer 
values of 15, 30, 50, and 100. 
Intronic sequences were identified using BLAST with query sequences from 
S288C (cox1-aI1α, aI2, aI3α, aI5α, aI5β, aI5γ, rnl-I1), YJM789 (cox1-aI3γ, aI4β) and S. 
paradoxus CBS432 (cox1-aI3β). Introns were classified as 0 or 1 based on clear presence 
of a homologous intron at that specific site and agreement with prior annotations (with 
the exception of aI3β in YJM1399, which shares the insertion site but no homology with 
S. paradoxus). Additional intron information was obtained from unassembled contigs 
from http://www.moseslab.csb.utoronto.ca/sgrp/ [40], based on identification of coding 
sequences in contigs and the presence of intervening sequence between exons. A 
distance matrix was calculated utilizing presence of an intron at the specific insertion 
sites as binary character trait, and a neighbor-joining tree was constructed with the ape 
package in R (PARADIS et al. 2004). The strain NCIM3107 was omitted due to the 





Figure 2.1 Phylogenetic relationship of mitochondrial coding sequences 
 
Figure 2.1 Phylogenetic relationship of mitochondrial coding sequences 
A rooted phylogenetic tree of concatenated mitochondrial protein coding sequences from 99 S. cerevisiae 
isolates, including S. paradoxus strain CBS432 as an outgroup. Population designations are indicated. 
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Figure 2.2 Consensus genome map of S. cerevisiae mtDNA 
 
Figure 2.2 Consensus genome map of S. cerevisiae mtDNA 
A consensus genome map based on the alignment of nine divergent mtDNAs illustrates 
the extensive polymorphisms across S. cerevisiae mtDNAs. The consensus sequence 
(~109 kbp) is substantially longer than the longest mtDNA in this alignment (~86 kbp) 
due to indel variation. Genes (red arrows), introns (green), and tRNAs (blue) are 
indicated. The light blue bar indicates a sole tRNA encoded on the light strand. The 
orange bars indicate the number of polymorphic sites within 100 bp windows, where 
the inner and outer edges of the circle represent 0 and 100, respectively. The grey line 




Figure 2.3 GC clusters by class and population 
 
Figure 2.3 GC clusters by class and population 
Box plots illustrate the distribution of each class of GC clusters within and between 
phylogenetic populations. Whiskers extend to the furthest value within 1.5 times the 
inter-quartile range from the 1st and 3rd quartiles. Outliers are plotted as empty circles. 




Table 2.1 Mitochondrial GC clusters in S. cerevisiae 
Populatio
n 




















































































17.0 15.0 9.0 2.0 2.0 10.0 8.0 7.0 1.0 71.0 35.0 12.0 











































































































1 14.0 1.0 6.0 0 1.0 0 1.0 0 4.0 27.0 37.0 4.0 
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The number of GC cluster for each classification is provided for all strains, and for each population. The number of strains 
within each population is given (n). Values are means ± 1 standard deviation. GC cluster counts were identical for North 
American strains. U indicates unclassified GC-rich regions. T indicates the number of tandem arrays. 
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Table 2.2 Intron content within and between Saccharomyces mtDNAs 
The percentage of strains containing specific introns is provided for S. cerevisiae strains and related Saccharomyces species. 
The number of strains within each population is provided (n). When n = 1, intron presence/absence is indicated as +/−. 
Intron cox1 cob rnl 
ai1 ai2 ai3α ai3β ai3γ ai4α ai4β ai4γ ai5α ai5β ai5γ bi1α bi1β bi2 bi3 bi4 bi5 Ω 
Group 
(n) 
II II I I** I I I I** I I* II* I** II I I I* I* I 
cerevisiae 103 59 51 91 0 40 59 38 0 25 80 74 5 86 89 96 100 100 39 
Mosaic-A 32 66 47 97 0 34 81 59 0 38 94 72 0 81 81 91 100 100 63 
N. 
American 
3 0 100 0 0 0 0 0 0 100 100 100 0 100 100 100 100 100 0 
Malaysian 1 - + - - + - + - - + - - - - + + + - 
sake 5 100 80 100 0 40 40 0 0 20 100 100 0 20 20 80 100 100 0 
wine/Euro 34 38 59 94 0 41 21 12 0 9 76 84 0 100 100 100 100 100 9 
Mosaic-B 23 74 43 96 0 52 91 65 0 13 74 70 22 100 100 100 100 100 74 
West 
African 
5 100 20 80 0 20 100 0 0 80 0 0 0 40 100 100 100 100 0 
Unknown 1 + - + + - - - - + + - - - - - - - - 
paradoxus 3 0 33 0 100 67 0 0 0 67 100 33 67 67 67 67 0 0 ? 
mikatae 1 + - + + - + - - + + + + + + + + + ? 
kudriavzevii 1 - - + + - + - - + - + + + + + - - ? 
cariocanus 1 - - - + - - - - - + + + + + - - - ? 
bayanus 1 - - - + + - - + + + + - + + + - + ? 
Insertion 
site 
 169 205 243 386 709 720 900 927 972 1107 1132 393 415 429 506 756 807 2716 
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Introns not known as variable (*) or observed (**) in S. cerevisiae are indicated next to their respective group heading. 
Insertion sites indicate the base pair in the CDS that precedes the intron insertion site.
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2.8 Supplemental Figures 
Supplemental Figure S2.1 contains an interactive HTML file containing the multiple 
genome alignment between 10 complete mtDNAs. The annotations of the alignment 
can be jumped to in the alignment by clicking the corresponding feature name in the left 
sidebar. Supplemental Figure S2.1 can be accessed at https://doi.org/10.1186/s12864-
015-1664-4 under the file name Additional File 4: File S1. 
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Supplemental Figure S2.2 GC richness of repetitive mtDNA elements 
 
Figure S2.2 GC richness of 
repetitive mtDNA elements.  
Count of different sequences of 
length K (K-mer) in the mtDNA for 
strains S288C and NCYC3594 
(derivative of YJM975), separated 
by GC content. Many 15 bp long 
GC poor repetitive elements are 
present in the mtDNA, while 
repetitive elements at least 30 bp 




Supplemental Figure S2.3 Intron Tree 
 
Supplemental Figure S2.3 Intron Tree  
Phylogenetic tree based on intron presence/absence as character states with strains 




2.9 Supplemental Tables 
To access the original files on the online publication for these tables please use the 
following link: https://doi.org/10.1186/s12864-015-1664-4  
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Position NCYC3594 YJM975 Position NCYC3585 YJM1450 (237614N) 
1101 - A 1797 - A 
3473 - A 1798 - T 
3474 - T 1799 - A 
3475 - A 1800 - A 
3476 - G 1801 - A 
3477 - A 1802 - T 
3478 - T 1803 - A 
3479 - A 29075 C - 
3480 - G 37344 - C 
3481 - G 
   
5501 T - 
   
5502 A - 
   
27646 T - 
   
27647 A - 
   
36888 - T 
   
36889 - T 
   
36890 - T 
   
36891 - A 
   
36892 - T 
   
36893 - A 
   
36894 - T 
   
36895 - T 
   
36896 - T 
   
36897 - T 
   
36898 - A 
   
36899 - T 
   
36900 - T 
   
36901 - T 
   
36902 - A 
   
36903 - A 
   
36904 - T 
   
36905 - T 
   
36906 - A 
   
36907 - T 
   
36908 - T 
   
36909 - T 
   
36910 - A 
   
36911 - T 
   
36912 - T 
   
48473 - T 
   
59194 - C 




Supplemental Table S2.2 Strain list 
Strain names and accession numbers are provided. 
Table S2.  Strain Table 
   
Strain mtDNA Acc. # parent other name(s) population** 
NYCY3585* KR260477 273614N SP15a1 rho 6 mosaic-A 







Kyokai No. 7* AP0120280.1 
  
sake 






YJM1190 CP0065110.1 YJM1107 
 
mosaic-A 
YJM1199 CP0065120.1 YJM1115 
 
mosaic-A 
YJM1202 CP0065130.1 YJM1116 
 
mosaic-A 
YJM1208 CP0065140.1 YJM1119 1882 mosaic-A 
YJM1304 CP0065210.1 YJM676 R93-1092 mosaic-A 
YJM1307 CP0065220.1 YJM1071 NRRL Y-961 mosaic-A 
YJM1326 CP0065240.1 YJM1289 
 
mosaic-A 
YJM1342 CP0065290.1 YJM1324 NRRL Y-12638 mosaic-A 
YJM1381 CP0065320.1 YJM1357 NRRL YB-427 mosaic-A 
YJM1383 CP0065330.1 YJM1359 NRRL Y-5511 mosaic-A 
YJM1386 CP0065350.1 YJM1365 NRRL Y-11878 mosaic-A 
YJM1387 CP0065360.1 YJM1366 NRRL Y-12758 mosaic-A 
YJM1402 CP0065420.1 YJM1396 NRRL YB-4449 mosaic-A 
YJM1418 CP0065450.1 YJM1413 NRRL YB-4506 mosaic-A 
YJM1419 CP0065460.1 YJM1412 NRRL YB-2625 mosaic-A 
YJM1433 CP0065470.1 Yllc17_E5 
 
mosaic-A 
YJM1443 CP0065500.1 UWOPS83-787.3 
 
mosaic-A 
YJM1444 CP0065510.1 UWOPS87-2421 
 
mosaic-A 
YJM1450 CP0065530.1 273614N 
 
mosaic-A 
YJM1527 CP0065600.1 YJM1510 Phaff 05-780 mosaic-A 
YJM1549 CP0065610.1 DBVPG6040 
 
mosaic-A 
YJM1573 CP0065620.1 YJM1566 NRRL Y-12603 mosaic-A 
YJM1615 CP0065650.1 YJM1628 YJM312, 91-213 mosaic-A 
YJM450 CP0064840.1 YJM440 92-123 mosaic-A 
YJM451 CP0064850.1 YJM436 B70302(b) mosaic-A 
YJM456 CP0064870.1 YJM454 89-156 mosaic-A 
YJM470 CP0064880.1 YJM455 
 
mosaic-A 
YJM555 CP0064910.1 YJM523 
 
mosaic-A 
YJM681 CP0064930.1 YJM653 
 
mosaic-A 
YJM1083 CP0065080.1 YJM1073 NRRL Y-10,988 mosaic-B 
YJM1133 CP0065100.1 YJM1125 MMRL 125 mosaic-B 
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YJM1250 CP0065180.1 YJM1223 NRRL Y-6673 mosaic-B 
YJM1311 CP0065230.1 YJM1101 
 
mosaic-B 
YJM1338 CP0065270.1 YJM1315 NRRL Y-963 mosaic-B 
YJM1355 CP0065300.1 YJM1344 NRRL Y-234 mosaic-B 
YJM1385 CP0065340.1 YJM1363 NRRL Y-11857 mosaic-B 
YJM1400 CP0065400.1 YJM1394 NRRL YB-4081 mosaic-B 
YJM1401 CP0065410.1 YJM1395 NRRL YB-4082 mosaic-B 
YJM1463 CP0065550.1 DBVPG1853 
 
mosaic-B 
YJM1478 CP0065570.1 YJM1470 NRRL Y-1890 mosaic-B 
YJM1479 CP0065580.1 YJM1474 NRRL Y-6297 mosaic-B 
YJM193 CP0064750.1 YJM184 NCYC 914 mosaic-B 
YJM271 CP0064800.1 YJM214 CBS 1782 mosaic-B 
YJM320 CP0064810.1 YJM309 CBS 7837 mosaic-B 
YJM326 CP0064820.1 YJM310 CBS 7838 mosaic-B 
YJM428 CP0064830.1 YJM308 CBS 7836 mosaic-B 
YJM541 CP0064890.1 YJM522 
 
mosaic-B 
YJM554 CP0064900.1 YJM521 
 
mosaic-B 
YJM682 CP0064940.1 YJM668 R87-91 mosaic-B 
YJM683 CP0064950.1 YJM678 R93-1871 mosaic-B 
YJM689 CP0064960.1 YJM675 R93-1017 mosaic-B 
YJM693 CP0064970.1 YJM669 R91-48 mosaic-B 
YJM1399 CP0065390.1 YJM1393 NRRL YB-908 mosaic/other 
YJM1273 CP0065200.1 YPS134 
 
North American 
YJM1434 CP0065480.1 YPS606 
 
North American 
YJM1388 CP0065370.1 YJM1367 NRRL Y-12769 sake 
YJM1389 CP0065380.1 YJM1368 NRRL Y-17447 sake 
YJM1460 CP0065540.1 Y12 
 
sake 
YJM1592 CP0065640.1 YJM1585 NRRL Y-17448 sake 
YJM1248 CP0065170.1 YJM1219 NRRL Y-1546 West African 
YJM1439 CP0065490.1 NCYC110 
 
West African 
YJM195 CP0064760.1 YJM182 NCYC 762 West African 
YJM627 CP0064920.1 Y55 
 
West African 
YJM1078 CP0041150.1 YJM1075 NRRL YB-4348 wine/European 
YJM1129 CP0065090.1 YJM1123 NCMH 125 wine/European 
YJM1242 CP0065150.1 YJM1213 NRRL Y-35 wine/European 
YJM1244 CP0065160.1 YJM1215 NRRL Y-1532 wine/European 
YJM1252 CP0065190.1 YJM1224  NRRL Y-6679 wine/European 
YJM1332 CP0065250.1 YJM1284 M1-2 wine/European 
YJM1336 CP0065260.1 YJM1285  M28s2 wine/European 
YJM1341 CP0065280.1 YJM1323 NRRL Y-12637 wine/European 
YJM1356 CP0065310.1 YJM1349 NRRL Y-747 wine/European 
YJM1415 CP0065430.1 YJM1407 NRRL Y-268 wine/European 
YJM1417 CP0065440.1 YJM1411 NRRL YB-2541 wine/European 
YJM1477 CP0065560.1 YJM1468 NRRL Y-581 wine/European 
YJM1526 CP0065590.1 YJM1506 Phaff 74-29 wine/European 
YJM1574 CP0065630.1 N96 AWRI1775 wine/European 
YJM189 CP0064740.1 YJM180 NCYC 431 wine/European 
YJM244 CP0064770.1 YJM210 CBS 1227 wine/European 
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YJM248 CP0064780.1 YJM218 CBS 2910 wine/European 
YJM270 CP0064790.1 YJM215 CBS 2807 wine/European 
YJM453 CP0064860.1 YJM434 B68019c wine/European 
YJM969 CP0064980.1 YJM967 96-98 wine/European 
YJM972 CP0064990.1 YJM947 96-100 wine/European 
YJM975 CP0065000.1 YJM948 96-101 wine/European 
YJM978 CP0065010.1 YJM954 96-109 wine/European 
YJM981 CP0065020.1 YJM955 96-110 wine/European 
YJM984 CP0065030.1 YJM956 96-112 wine/European 
YJM987 CP0065040.1 YJM957 96-113 wine/European 
YJM990 CP0065050.1 YJM963 96-119 wine/European 
YJM993 CP0065060.1 YJM964 96-120 wine/European 
YJM996 CP0065070.1 YJM965 96-121 wine/European 






DBVPG6765 wine/European      
     
     
notes: 
    
* sequences used in multiple genome alignment 
  
** populations designations were from Strope et.al (2015) with the following exceptions: 
(1) Mosaics were reclassified based on the mitochondrial phylogeny into A and B 
(2) wine/European strains with >20% mosaic nuclear sequences were classified as mosaics. 
(3) The industrial isolate used for bioethanol production, NCIM07, was classified as mosaic. 
(4) Kyokai No.7 was included in the sake population based on original isolation source (Akao et.al 
2011). 





Supplemental Table S2.3 Mitochondrial Gene Polymorphism Summary 
Gene Length of Gene 
in S288C 
Length of  
alignment 
# of polymorphic  
sites 
π %difference pN/pS 
COX1 1605 1605 66.00 0.0081 0.81 0.047 
ATP8 147 147 1.00 0.0033 0.33 0.030 
ATP6 780 780 29.00 0.0098 0.98 0.172 
COB 1158 1161 28.00 0.0045 0.45 0.000 
ATP9 231 231 1.00 0.0017 0.17 0.000 
VAR1 1197 1272 161.00 0.0351 3.51 0.124 
COX2 756 756 29.00 0.0164 1.64 0.082 




Supplemental Table S2.4 GC clusters 
For each strain, the total count of GC clusters in all classes is provided. 





cerevisiae YJM1447 7 1 17 2 15 10 8 9 2 71 35 12 Malaysian 
cerevisiae YJM1383 3 5 52 8 34 22 2 19 3 148 44 27 mosaicA 
cerevisiae S288C 5 4 48 3 34 20 8 16 2 140 46 21 mosaicA 
cerevisiae YJM1381 3 4 47 6 32 21 8 21 3 145 37 25 mosaicA 
cerevisiae YJM1386 1 3 41 3 37 23 5 18 5 136 41 30 mosaicA 
cerevisiae YJM1307 4 4 47 3 33 20 5 18 2 136 38 23 mosaicA 
cerevisiae YJM1199 2 3 41 6 26 17 6 13 3 117 51 19 mosaicA 
cerevisiae YJM1202 2 3 41 6 26 17 6 13 3 117 51 19 mosaicA 
cerevisiae YJM1549 4 4 44 6 32 16 5 17 2 130 37 22 mosaicA 
cerevisiae YJM1615 5 3 46 2 28 17 10 15 4 130 36 22 mosaicA 
cerevisiae YJM450 2 4 43 4 23 13 10 15 4 118 48 18 mosaicA 
cerevisiae YJM1208 5 3 46 2 28 17 10 14 4 129 36 22 mosaicA 
cerevisiae YJM681 1 3 40 3 27 11 9 19 2 115 48 18 mosaicA 
cerevisiae NCIM3107 5 4 40 3 30 18 8 11 2 121 40 21 mosaicA 
cerevisiae YJM1326 0 4 43 6 25 14 9 15 2 118 43 20 mosaicA 
cerevisiae YJM451 5 4 44 2 27 14 8 16 2 122 39 16 mosaicA 
cerevisiae YJM1419 3 3 40 3 27 14 9 12 3 114 46 20 mosaicA 
cerevisiae YJM1190 2 4 38 4 24 16 7 13 2 110 49 18 mosaicA 
cerevisiae YJM1304 0 4 39 3 25 16 9 15 2 113 45 22 mosaicA 
cerevisiae YJM470 3 4 42 2 27 11 7 11 2 109 48 16 mosaicA 
cerevisiae YJM1387 4 3 40 2 27 17 6 19 2 120 36 22 mosaicA 
cerevisiae YJM789 0 3 36 3 22 16 10 15 2 107 46 22 mosaicA 
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cerevisiae YJM1433 3 3 44 4 22 13 7 15 1 112 38 17 mosaicA 
cerevisiae YJM555 0 3 29 3 24 14 10 15 2 100 47 19 mosaicA 
cerevisiae NCYC3585 0 3 32 4 28 12 9 11 1 100 37 20 mosaicA 
cerevisiae YJM1444 4 4 32 2 20 9 6 11 2 90 47 13 mosaicA 
cerevisiae YJM1450 0 3 32 4 28 12 9 11 1 100 37 20 mosaicA 
cerevisiae YJM456 0 3 27 3 23 12 10 13 2 93 42 18 mosaicA 
cerevisiae YJM1418 5 2 28 3 22 14 5 17 1 97 36 19 mosaicA 
cerevisiae YJM1443 0 3 26 3 17 11 9 12 1 82 39 15 mosaicA 
cerevisiae YJM1527 2 3 26 2 18 11 7 10 1 80 40 16 mosaicA 
cerevisiae YJM1402 0 2 28 2 13 10 9 12 1 77 33 12 mosaicA 
cerevisiae YJM1573 0 2 28 2 13 10 9 12 1 77 33 12 mosaicA 
cerevisiae YJM1342 5 2 23 5 11 5 11 10 1 73 35 8 mosaicA 
cerevisiae YJM1250 4 5 76 9 39 27 4 14 12 190 38 41 mosaicB 
cerevisiae YJM1385 3 5 57 8 44 28 4 21 3 173 54 34 mosaicB 
cerevisiae YJM693 3 5 51 7 47 26 3 19 1 162 42 32 mosaicB 
cerevisiae YJM326 2 4 51 5 32 18 7 15 3 137 53 21 mosaicB 
cerevisiae YJM428 4 2 50 5 33 20 6 19 3 142 43 25 mosaicB 
cerevisiae YJM193 4 3 61 6 30 16 4 13 2 139 45 24 mosaicB 
cerevisiae YJM682 2 4 50 5 32 18 7 15 3 136 48 21 mosaicB 
cerevisiae YJM683 2 4 50 5 32 18 7 15 3 136 48 21 mosaicB 
cerevisiae YJM1083 5 3 50 4 34 16 6 18 3 139 44 23 mosaicB 
cerevisiae YJM271 4 3 59 6 30 16 4 13 2 137 45 23 mosaicB 
cerevisiae YJM1355 4 4 50 7 35 18 5 17 3 143 35 27 mosaicB 
cerevisiae YJM1133 2 4 48 5 30 17 7 17 3 133 44 19 mosaicB 
cerevisiae YJM1401 4 2 46 2 33 16 8 25 2 138 36 24 mosaicB 
cerevisiae YJM1463 4 3 53 5 30 21 1 15 2 134 39 30 mosaicB 
cerevisiae YJM689 1 4 44 5 33 14 7 17 2 127 43 19 mosaicB 
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cerevisiae YJM1311 3 3 43 2 33 16 6 19 2 127 41 20 mosaicB 
cerevisiae YJM320 1 4 43 5 25 15 10 13 3 119 48 18 mosaicB 
cerevisiae YJM541 2 4 43 5 25 15 10 13 3 120 47 18 mosaicB 
cerevisiae YJM554 2 4 43 5 25 15 10 13 3 120 47 18 mosaicB 
cerevisiae YJM1478 3 2 47 8 25 12 3 15 2 117 41 21 mosaicB 
cerevisiae YJM1338 3 2 44 4 22 14 6 14 2 111 41 21 mosaicB 
cerevisiae YJM1400 1 3 31 5 24 13 9 12 2 100 47 13 mosaicB 
cerevisiae YJM1479 1 3 31 5 24 13 9 12 2 100 47 13 mosaicB 
cerevisiae YJM1434 0 2 25 3 17 10 7 11 1 76 41 12 North American 
cerevisiae YJM1273 0 2 25 3 17 10 7 11 1 76 41 12 North American 
cerevisiae YJM1399 4 5 17 5 12 7 0 1 3 54 59 6 other 
cerevisiae YJM1389 5 3 45 2 37 19 4 21 2 138 43 25 sake 
cerevisiae YJM1592 5 3 45 2 37 19 4 21 2 138 43 25 sake 
cerevisiae YJM1460 5 3 46 4 30 22 6 13 2 131 45 23 sake 
cerevisiae Kyokai7 4 3 40 3 33 23 8 22 1 137 33 29 sake 
cerevisiae YJM1388 5 4 40 2 32 16 4 14 2 119 43 21 sake 
cerevisiae YJM1248 3 2 52 2 34 21 6 19 24 163 42 49 West African 
cerevisiae NCYC110 3 2 52 2 34 21 6 19 22 161 42 47 West African 
cerevisiae YJM195 4 3 45 3 30 23 4 27 13 152 49 32 West African 
cerevisiae YJM627 3 2 49 4 27 16 6 17 13 137 42 32 West African 
cerevisiae YJM1574 5 3 45 6 31 19 6 17 4 136 39 28 wine/European 
cerevisiae YJM1341 5 4 51 7 26 16 5 16 5 135 39 24 wine/European 
cerevisiae YJM1526 5 4 55 7 26 14 2 17 2 132 39 20 wine/European 
cerevisiae YJM1129 5 4 54 7 26 14 2 17 2 131 39 20 wine/European 
cerevisiae YJM1242 3 3 47 5 29 12 3 14 1 117 51 16 wine/European 
cerevisiae YJM248 4 2 54 7 27 16 4 14 2 130 38 20 wine/European 
cerevisiae YJM1244 3 3 56 3 21 12 7 18 3 126 41 20 wine/European 
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cerevisiae YJM1332 3 4 54 6 21 14 6 16 4 128 38 17 wine/European 
cerevisiae YJM1078 4 3 53 4 25 16 6 15 2 128 37 18 wine/European 
cerevisiae YJM1356 2 2 53 7 25 14 5 10 3 121 42 19 wine/European 
cerevisiae YJM1336 4 3 43 4 21 14 8 18 2 117 44 19 wine/European 
cerevisiae YJM1415 2 3 44 4 25 12 6 14 3 113 46 20 wine/European 
cerevisiae YJM1252 5 2 45 4 27 16 5 11 4 119 39 20 wine/European 
cerevisiae YJM453 4 3 49 3 24 12 5 18 2 120 38 18 wine/European 
cerevisiae YJM1417 2 3 48 6 23 13 5 11 3 114 43 16 wine/European 
cerevisiae YJM969 3 3 45 8 22 14 4 16 3 118 38 19 wine/European 
cerevisiae YJM972 3 3 45 8 22 14 4 16 3 118 38 19 wine/European 
cerevisiae NCYC3594 3 3 45 8 22 14 4 16 3 118 38 19 wine/European 
cerevisiae YJM975 3 3 45 8 22 14 4 16 3 118 38 19 wine/European 
cerevisiae YJM978 3 3 45 8 22 14 4 16 3 118 38 19 wine/European 
cerevisiae YJM981 3 3 45 8 22 14 4 16 3 118 38 19 wine/European 
cerevisiae YJM984 3 3 45 8 22 14 4 16 3 118 38 19 wine/European 
cerevisiae YJM987 3 3 45 8 22 14 4 16 3 118 38 19 wine/European 
cerevisiae YJM990 3 3 45 8 22 14 4 16 3 118 38 19 wine/European 
cerevisiae YJM993 3 3 45 8 22 14 4 16 3 118 38 19 wine/European 
cerevisiae YJM996 3 3 45 8 22 14 4 16 3 118 38 19 wine/European 
cerevisiae YJM270 5 2 45 8 28 14 3 14 2 121 33 20 wine/European 
cerevisiae YJM189 3 3 44 3 21 13 6 14 2 109 40 18 wine/European 
cerevisiae YJM244 3 2 42 5 21 13 4 15 1 106 43 16 wine/European 
cerevisiae YJM1477 4 3 38 3 21 10 4 13 1 97 40 12 wine/European 





Supplemental Table S2.5 Mitochondrial Introns 
Individual intron profiles for each strain are provided, where 1 indicates the presence of the intron and a blank cell, the absence. 
Species Strain ai1 ai2 ai3α ai3β ai3γ ai4α ai4β ai4γ ai5α ai5β ai5γ bi1α bi1β bi2 bi3 bi4 bi5 Ω total count subgroup 
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Genetic variation in mitochondrial DNA (mtDNA) provides adaptive potential 
although the underlying genetic architecture of fitness components within mtDNAs is 
not known. To dissect functional variation within mtDNAs, we first identified naturally 
occurring mtDNAs that conferred high or low fitness in Saccharomyces cerevisiae by 
comparing growth in strains containing identical nuclear genotypes but different 
mtDNAs. During respiratory growth under temperature and oxidative stress conditions, 
mitotype effects were largely independent of nuclear genotypes even in the presence of 
mitonuclear interactions. Recombinant mtDNAs were generated to determine fitness 
components within high and low fitness mtDNAs. Based on phenotypic distributions of 
isogenic strains containing recombinant mtDNAs, we found that multiple loci 
contributed to mitotype fitness differences. These mitochondrial loci interacted in 
epistatic, non-additive ways in certain environmental conditions. Mito-mito epistasis 
(i.e. non-additive interactions between mitochondrial loci) influenced fitness in progeny 
from 4 different crosses, suggesting that mito-mito epistasis is a widespread 
phenomenon in yeast and other systems with recombining mtDNAs. Furthermore, we 
found that interruption of coadapted mito-mito interactions produced recombinant 
mtDNAs with lower fitness. Our results demonstrate that mito-mito epistasis results in 
functional variation through mitochondrial recombination in fungi, providing modes for 




Mitochondrial DNA (mtDNA) haplotypes are frequently associated with 
environmental temperature gradients across eukarya, suggesting that mitochondrial 
performance plays an important role in adaptation (MISHMAR et al. 2003; LUCASSEN et al. 
2006; CHATELAIN et al. 2011; SCOTT et al. 2011; LAGISZ et al. 2013; MELO-FERREIRA et al. 
2014; SILVA et al. 2014; DINGLEY et al. 2014; CONSUEGRA et al. 2015; LI et al. 2016). To 
understand the adaptive potential of mtDNAs, it is necessary to dissect the genetic and 
environmental factors that influence the functional variation in mtDNAs. This is 
particularly challenging in systems where mtDNA inheritance is uniparental because the 
lack of recombination makes it difficult to differentiate between mitochondrial alleles 
that contribute to functional variation and those that are neutral. 
 Homologous recombination between mtDNAs should promote the 
reorganization of mitochondrial genes and increase the efficacy of selection on adaptive 
loci. Mitochondrial recombination is common in systems with biparental mtDNA 
inheritance, such as fungi and many plants (BARR et al. 2005; GUALBERTO and NEWTON 
2017). In Saccharomyces yeasts, the diverse and highly reticulated mtDNAs show 
signatures of recombination and horizontal gene transfer within and between species 
(PERIS et al. 2014, 2017; WOLTERS et al. 2015; WU et al. 2015; LEDUCQ et al. 2017). In 
predominantly asexual fungi, mitochondrial recombination occurs more frequently than 
expected (BRANKOVICS et al. 2017). The machinery for homologous recombination is 
found in the mitochondria of mammals (DAHAL et al. 2018) and there is some evidence 
of mitochondrial recombination in mammals (PIGANEAU et al. 2004) and other 
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vertebrates (CIBOROWSKI et al. 2007; UJVARI et al. 2007; SAMMLER et al. 2011; WANG et al. 
2015; PARK et al. 2016) and invertebrates (LADOUKAKIS and ZOUROS 2001; PASSAMONTI et al. 
2003). Mitochondrial recombination occurs with enough frequency that it should play 
an important role in the evolution of mtDNAs, especially in fungi. 
 The effects of mitochondrial recombination on selection and adaptive potential 
are not well understood. In Saccharomyces yeasts, mitochondrial recombination can 
occur in zygotes containing different mtDNAs but because heteroplasmic mtDNA states 
are not maintained, a single mtDNA haplotype (either parental or recombinant) 
becomes fixed after approximately 20 generations (BERGER and YAFFE 2000). Hybrids of S. 
cerevisiae and S. uvarum contained different species-specific mtDNA genetic markers, 
depending on whether the hybrids were created in a laboratory (VERSPOHL et al. 2018) or 
isolated from industrial settings (MASNEUF et al. 1998; RAINIERI et al. 2008), suggesting 
that environmental conditions influence the selection for mitochondrial alleles or entire 
mitotypes. Supporting this, mitochondrial allele inheritance during hybridization of S. 
cerevisiae and S. paradoxus was altered by changing laboratory conditions during 
matings (HSU and CHOU 2017). 
 Mitochondrial alleles that participate in mitonuclear interactions will also 
influence the adaptive success of recombinant mtDNAs. Mitonuclear incompatibilities 
occur between (SULO et al. 2003; CHOU et al. 2010; ŠPÍREK et al. 2015) and within (PALIWAL 
et al. 2014; HOU et al. 2015) Saccharomyces species and species-specific compatible 
mitonuclear genetic combinations were universally maintained in rare, viable meiotic 
progeny from S. cerevisiae / S. bayanus hybrids (LEE et al. 2008). The extent of 
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recombination in these hybrid studies is not known due to the limited number of 
mitochondrial markers followed. Laboratory-derived isogenic S. paradoxus hybrids 
containing different recombinant mtDNAs were phenotypically variable, consistent with 
the presence of functionally distinct mitochondrial or mitonuclear alleles (LEDUCQ et al. 
2017). Selection on such functional units could explain the existence of recombinant 
mtDNAs found in natural S. paradoxus hybrids (LEDUCQ et al. 2017; PERIS et al. 2017).  
 Mitochondrial genes encode for physically interacting subunits of respiratory 
complexes and so there is potential that mitochondrial genes coevolve through 
compensatory mutations or selection for adaptive mito-mito allele combinations in 
recombinant mtDNAs. In support of this, comparative analysis of mtDNA and in silico 
analysis of protein structures revealed coevolving amino acids within mitochondrial 
genes within primates  (AZEVEDO et al. 2009). In S. cerevisiae, mitochondrial suppressor 
mutations that counteracted respiratory deficient mitochondrial mutations were 
characterized (FOX and STAEMPFLI 1982; DI RAGO et al. 1995). These examples of functional 
interactions suggest that epistasis between mitochondrial alleles (mito-mito epistasis) 
could contribute to functional variation in mtDNAs. 
 In this work, we identified mitotypes that conferred strong adaptive potential by 
examining fitness in S. cerevisiae strains containing different combinations of mtDNA 
and nuclear genomes. Certain mitotypes provided growth advantages during respiratory 
growth under temperature and oxidative stress conditions, irrespective of nuclear 
backgrounds, indicating direct effects on fitness. To determine whether these growth 
advantages were due to one or more interacting mitochondrial loci, we generated and 
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phenotyped strains containing recombinant mtDNAs. The effects of these mitochondrial 
alleles were non-additive and revealed that mito-mito epistasis contributes to 
phenotypic variation. Furthermore, interruption of coadapted mito-mito interactions 
produced recombinant mtDNAs with lower fitness in media mimicking natural yeast 
environments, indicating that mito-mito epistasis may play an important role in 
hybridization and mtDNA evolution. 
3.3 Materials and Methods 
Strains and Media 
 Strain names and genotypes are provided (Supplemental Tables S3.1 and S3.2). 
The creation of strains containing synthetic combinations of nuclear and mitochondrial 
genotypes was previously described (PALIWAL et al. 2014). Basically, mtDNAs from 
mtDNA donor haploid strains were serially passaged through a strain containing a KAR1-
1 mutation to mtDNA recipient haploid strains. The KAR1-1 mutation inhibits nuclear 
fusion and allows the formation of heterokaryotic zygotes containing mixed cytoplasmic 
components including mitochondria (ROSE and FINK 1987). Haploid progeny containing 
mtDNA from the donor strain and the nuclear genotype of the recipient strain were 
identified by scoring auxotrophic markers. 
Five different media were used (Supplemental Table S3.3). These included rich, 
undefined, media containing fermentable (YPD) or nonfermentable (YPEG) carbon 
sources, minimal defined media containing fermentable (CSM) or nonfermentable 
(CSMEG) carbon sources, and a minimal media emulating oak tree exudate (SOE). 
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Nonfermentable media require mitochondrial respiration for growth. The oxidative 
stress agent, menadione, was added to 20 µM when indicated (YPEGM). Agar (2%) was 
added to solid medium. Undefined media types contained yeast extract for which the 
exact nutrient composition is not known while defined media contained precisely 
specified nutrient compositions. 
Colony Arrays 
Cells from the haploid mito-nuclear (9 n x 9 mt) and recombinant mtDNA 
(YJM975 x Y12) diploid strain collections were printed onto OmniTrays (Nunc) in 
randomized 1,536 colony arrays using a BM3-BC colony processing robot (S&P Robotics, 
Inc.). Arrays were first printed to YPD, and then to test media. Strains were acclimated 
to test media (YPD, CSM, SOE, YPEG with and without menadione, and CSMEG, 
Supplemental Table S3.3) for three days at 30, 35 and 37, and then reprinted to the 
same media. Each strain in the mito-nuclear collection was printed in 15 replicates. 
Strains in the recombinant mtDNA collection, including two biological replicates for each 
parental mtDNA, were printed in 25 replicates. Photographs were taken at times 0 and 
48 hours. Colony sizes were extracted from images using ImageJ 1.440 software (DISS et 
al. 2013). Size differences were determined using custom R scripts available at 
https://jfwolters.github.io/Wolters-Genetics-2018/. 
A block design was used for additional phenotyping of diploid strains containing 
mitochondrial recombinants from all crosses. The phenotyping strategy was completed 
as before with the following modifications. Phenotyping was conducted on YPD, YPEG, 
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and SOE media at 30 and 37. The block design was similar to that used in (STROPE et al. 
2015), modified such that each strain existed on the plate as a four row by eight column 
colony block. Colonies on the edges of blocks were excluded from analysis to remove 
neighbor effects. Images were taken over seven days. Image analysis was completed 
using Gitter (WAGIH and PARTS 2014). A custom R script pipeline using logistic regressions 
to fit growth curves and estimate growth rate is available at 
https://jfwolters.github.io/Robot-Image-Analysis-master/. 
Competition Assay 
Haploid strains (MATa) containing the YJM975 nuclear genotype and Y12 or 
YJM975 mitotypes (strains SP15a1𝜌26 and NCYC3954, respectively, Supplemental Table 
S3.1) were grown overnight in liquid YPD media at 30°, mixed in equal volumes, spread 
as lawns onto solid YPEG media and grown for 2 days at 30° and 37°. The pooled cells 
were then retrieved from the solid plates in sterile water, diluted, plated for single 
colonies on YPEG media, and incubated at 37° for 4 days. Cells harboring the Y12 
mitotype produced large colonies as compared to cells with the YJM975 mitotype. 
Numbers of large and small colonies were used to determine the proportion of each 
genotype. Significance was assessed using a test of equal proportions and p-values were 
assessed versus a stringent α after Bonferroni correction (3 tests, α = 0.017). 
Mitochondrial recombination 
To produce mitochondrial recombinants, matings between congenic haploid 
strains containing nuclear backgrounds (YJM975) and different mitotypes (YJM975 x 
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Y12, YJM975 x YPS606, YJM975 x Y55, and YPS606 x Y55) were conducted on solid YPD 
media at 30° for 2 days. Diploids were selected by printing mated cell mixtures onto SD 
media and grown at 30° for 1 day. To fix mitotypes, diploid strains were streaked for 
single colonies twice on SD media with 2 days of growth at 30°. Each strain containing 
putative recombinant mtDNAs resulted from independent matings. Two independent 
biological replicates of diploid parental control strains were created by mating congenic 
strains containing only one mitotype. 
To look for evidence of mitochondrial recombination, restriction fragment length 
polymorphism (RFLP) assays were performed. Total DNA was isolated from 5 ml 
overnight cultures grown in YPD using a glass-bead cell disruption and phenol-
chloroform extraction, as previously described (HOFFMAN and WINSTON 1987). Three 
mtDNA loci were amplified using the primers and amplification conditions listed in 
Supplemental Table S3.4. Amplified products were digested using HinfI (ATP6), Ase1 
(COX2), or HindIII (COX3) and separated on 2% agarose gels. Additionally, total mtDNA 
was isolated from 21 diploid strains according to (DEFONTAINE et al. 1991), including a 
DNase treatment (WOLTERS et al. 2015), and modified for smaller volumes. The total 
mtDNA was digested with EcoRV, and separated by electrophoresis on 0.8% agarose 
gels. Mitochondrial recombination was inferred through non-parental haplotype and 
total mtDNA RFLP patterns. 
To compare colonies formed from single cells (Figure 3.5 inset), cells were 





 All statistical analyses were performed in R (version 3.4.0). The differences in 
colony sizes from the arrays between 0 and 48 hours were used as a proxy for growth 
differences. Random effects ANOVAs (containing terms for nuclear genotype, mitotype, 
and nuclear x mitotype interaction, and when appropriate temperature and media) 
were performed using the lmer function of the lme4 package (BATES et al. 2014). 
Phenotypic variances were determined from each model, and normalized by dividing 
the mean for a given condition. Direct effects of mitotypes were evaluated in each 
nuclear genotype by dividing the average growth of each strain by the average growth 
of all strains containing the identical nuclear genotype, and converting to percentages. 
To determine whether strains with potentially recombinant mtDNAs had phenotypes 
that differed from parental controls, individual ANOVAs were performed on each strain 
(fixed factor comparing Parent 1, Parent 2, and strain), followed by a post-hoc analysis 
using the TukeyHSD function to assess whether the recombinant strain was significantly 
different from both parental controls. A Bonferroni correction was applied to compare 
results under a standard (α=0.05) and stringent (α=0.0012) significance thresholds 
(Supplemental Table S3.5). 
Estimating Mito-Mito Epistasis 
Epistasis between mitochondrial variants (mito-mito epistasis) was explicitly 
tested for these crosses using a variance partitioning approach developed for haploid 
organisms (SHAW et al. 1997). Recombinant mitotypes were nested within each parental 
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cross and represented by multiple technical replicates. The variance attributed to 
parental crosses (𝜎𝑃𝐶
2 ) and putative recombinants (𝜎𝑅
2) were estimated from a nested 
random effects model using the lmer function in the lme4 package (Bates et al. 2014). 
Additive by additive epistasis (i.e. mito-mito epistasis) was estimated as: 𝑉𝐴𝐴 = 2 ∗
(𝜎𝑅
2 − 𝜎𝑃𝐶
2 ). Parental cross, putative mitochondrial recombinant and technical replicates 
correspond to the terms “diploids”, “haploids” and “clones” as described by (SHAW et al. 
1997). 
The significance of VAA was evaluated with several criteria. First, the significance 
of the putative recombinant term (nested within parental cross) was tested in the 
random effects model via a hierarchical comparison of models with and without that 
term. Second, the significance of the difference between the putative recombinant 
variance (𝜎𝑅
2) and the parental cross variance (𝜎𝑃𝐶
2 ) was tested by comparing the 
observed value to 1000 permutations of the data where individual data points were 
permuted (ANDERSON and TER BRAAK 2003). Third, we determined whether 95% 
confidence intervals of VAA were positive and did not overlap zero. Confidence intervals 
were calculated using a percentile bootstrap approach by resampling from within the 
technical replicates such that the overall structure of the putative recombinants and 
diploid crosses was maintained (QUINN and KEOUGH 2002). VAA was considered significant 





 All growth measures used for analyses are provided in Supplemental Tables S3.6, 
S3.7 and S3.8. Strains are available upon request.  
3.4 Results 
Respiratory growth is influenced by mtDNA haplotypes under stress conditions. 
In S. cerevisiae, mitonuclear interactions can explain the majority of mitotype-
related growth differences (PALIWAL et al. 2014). We previously observed that in yeast 
cells growing on fermentable sugars at high temperatures, mitotypes had direct effects 
on growth (PALIWAL et al. 2014). Here, we hypothesized that temperature stress would 
reveal mitotype-specific effects on nonfermentable media where oxidative 
phosphorylation is essential for energy production. To test this, we plated S. cerevisiae 
cells containing identical nuclear genotypes and two divergent mitotypes onto solid 
media containing fermentable and nonfermentable sugars and followed colony sizes as 
a proxy for mitochondrial genotype fitness (Figure 3.1). Cells containing the nuclear 
genotype from a strain of European origin (YJM975) and its own mitotype or that from a 
divergent Sake strain (Y12) showed no differences in fitness when grown on 
fermentable or nonfermentable sugars at standard temperature (30). However, at high 
temperature (37) growth differences due to mitotypes were observed. On 
nonfermentable media, where growth requires mitochondrial respiration, cells 
containing the Y12 mitotype formed larger colonies than isonuclear cells containing the 
YJM975 mitotype while colony size differences on fermentable media were barely 
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observable. To determine if these respiratory growth differences were due to direct 
effects of mitotypes or to mitonuclear interactions, the mitotypes were introduced into 
a second nuclear background. In the Y12 nuclear background, no differences in fitness 
between mitotypes were observed although cells containing the Y12 nuclear genotype 
grew better on nonfermentable media than those with the YJM975 genotype (Figure 
3.1). The variable effect of these mitotypes is consistent with mitonuclear epistasis, 
however, nuclear alleles in the Y12 genotype with large effects on growth may have 
obscured independent effects of mitotypes. 
 We expanded our assay to identify mitochondrial genotype specific fitness 
differences between 81 strains containing unique combinations of 9 divergent nuclear 
genotypes and mtDNAs (9 nuclear x 9 mtDNA, Supplemental Table S3.1). This large and 
systematic array of mitonuclear combinations provides a powerful platform to 
determine whether phenotypic differences are due to genetic differences in nuclear 
genomes, mitotypes, or mitonuclear interactions. Cells were grown on solid media 
under atmospheric oxygen levels using high-density colony arrays in 18 environmental 
conditions, including fermentable and non-fermentable sugars at three temperatures, 
and fitness differences were analyzed by ANOVAs (Table 3.1). In all media and 
temperature conditions, mitonuclear interactions and nuclear genotypes were highly 
significant contributors to fitness differences. Mitotypes showed significant 
independent fitness effects in each nonfermentable media at elevated temperature. In 
the presence of strong interaction terms, interpretation of main effects is difficult. Still, 
the main effect for mitotype showed increasing χ2 statistics and decreasing p-values 
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with increasing temperatures, suggesting that mitochondrial respiration was directly 
impacted by variation in mitotypes during temperature stress. Temperature-related 
mitotype effects were even stronger in media containing the exogenous oxidative stress 
agent menadione (YPEGM). 
 To more closely follow independent effects of mitotypes, we compared the 
respiratory growth of each strain with the average growth for all strains with the same 
nuclear genotype (Figure 3.2). The Y12 mitotype provided a respiratory growth 
advantage under temperature stress in the YJM975 nuclear background, and also in 6 of 
the 7 nuclear backgrounds tested. Four additional mitotypes showed relative growth 
increases at high temperatures in each of the respiratory and oxidative stress conditions 
tested, while two mitotypes decreased growth (Table 3.2). Two mitotypes (including 
YJM975) showed both increased or decreased growth, depending on the nuclear 
backgrounds, although these fitness differences are relatively small compared to growth 
averages. 
 Direct effects from mitotypes can also be observed in colony size variances. 
Overall phenotypic variances in colony sizes increased with increasing temperatures in 
defined fermentable and nonfermentable media (Figure 3.3A). This is consistent with 
previously observed responses to temperature in yeasts grown in liquid culture (Paliwal 
et al. 2014) and on complex traits in Drosophila (BUBLIY and LOESCHCKE 2001). In contrast, 
phenotypic variances were generally higher in rich media whose exact nutrient 
components are not defined (YPD, YPEG, YPEGM) and decreased as cells were grown at 
higher temperatures. The contributions of the nuclear genome, mitotype, and 
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mitonuclear interactions to total phenotypic variances were estimated using variance 
component analyses of the full ANOVA models (Figure 3.3A and Supplemental Table 
S3.9). Mitotypes did not explain any proportion of these variances at lower 
temperatures, but as temperatures increased, the proportions of variance due to 
mitotypes increased during respiratory growth, particularly in the presence of an 
oxidative stress agent (YPEGM, Figure 3.3B). The variance component due to mitotypes 
exceeded that of mitonuclear interactions in this oxidative-stress environment (18.3% 
vs. 16.0% respectively, Supplemental Table S3.9). 
 A competition experiment was performed to determine if the growth differences 
of strains grown in isolation on solid media corresponded to fitness advantages when 
grown in mixed cultures. Non-mating cells with isogenic nuclear genotypes and either a 
neutral (YJM975) or high fitness (Y12) mitotype were pooled in equal amounts and 
grown in direct competition on nonfermentable media (Figure 3.4). The proportion of 
mitotypes were approximately equal before (61.4%) and after competition (52.4%) at 
30 (nonsignificantly different with p = 0.03 vs α of 0.017 after Bonferroni correction), 
but after competitive growth at the elevated temperature, the proportion of cells 
containing the high fitness mtDNA increased substantially (95.6%, p < 2x10-16). This 
result demonstrates that larger colony sizes due to high fitness mtDNAs reflect 
competitive advantages. 
 Taken together, these results show that genetic variation in mitochondrial 
haplotypes directly impacts mitochondrial fitness. Even in the presence of strong mito-
nuclear interactions, certain mitotypes affect yeast growth in consistent patterns and 
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can be considered as high and low fitness mtDNAs. These effects are largely contingent 
on stress conditions that tax mitochondrial functions. 
Mitochondrial recombination reveals functional interactions between mitochondrial loci 
In nature, biparental inheritance of yeast mtDNAs during matings could 
introduce different mtDNAs into the same cell. Mitochondrial recombination would 
result in allele reorganization, revealing novel phenotypes due to direct effects and 
epistasis that may promote adaptive evolution. 
Single or multiple alleles within the mitochondrial genome could be contributing 
to fitness differences. To test this, we created isonuclear diploid strains containing 
recombinant mtDNAs by mating haploid strains with congenic nuclear genotypes 
(differing by mating type and a selectable marker) and different mitotypes 
(Supplemental Table S3.2). A total of 41 independent matings were performed, followed 
by clonal propagation of unique diploid strains to fix mitotypes. Restriction analysis of 
whole mtDNAs and 3 amplified mitochondrial markers showed evidence of 
recombination in 41% of tested diploids (Supplemental Table S3.10), though the low 
resolution of these assays likely underestimates the number of diploids containing 
recombinant mtDNAs. If the high fitness mtDNA was due to a single locus, then 
recombinant mtDNAs would have either the high or low fitness allele and would be 
expected to generate phenotypes identical to a parental mtDNA. We found that on rich 
nonfermentable media at high temperature (YPEG 37), colony sizes from strains with 
recombinant mtDNAs were sometimes in between either control strain containing 
parental mitotypes (Figure 3.5A). Fitness differences between strains with recombinant 
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versus both parental mtDNAs were observed in 10 of the 18 environmental conditions 
examined (Supplemental Table S3.5). These results indicate that multiple mitochondrial 
loci underlie mitotype-specific phenotypic differences. 
Multiple loci could contribute to phenotypes through additive or epistatic 
interactions between mitochondrial alleles. For polygenic traits with additive alleles, 
recombination would produce mtDNAs that generate phenotypes both above and 
below those of the parental mtDNAs. If one parental mtDNA contained all positive 
alleles and the other none, then progeny containing recombinant mtDNA would only 
generate intermediate phenotypes. For epistatic loci, recombination would generate 
novel interacting allele combinations that could present phenotypic distributions that 
resemble additive alleles. However, if high fitness epistatic allele combinations were 
interrupted, recombination could produce low fitness mtDNAs that result in lower 
growth than parental mtDNAs. 
The intermediate phenotypes observed in strains with recombinant mtDNAs on 
respiratory media are consistent with a model with multiple loci with additive effects 
(Figure 3.5A). However, when strains were grown at high temperature on a media 
designed to emulate exudate from oak trees (SOE), a natural habitat for Saccharomyces, 
the phenotypic distribution is consistent with negative epistasis (Figure 3.5B). In this 
condition, growth rates of strains with parental mtDNAs were similar to each other, 
while 28 (of 41) strains containing recombinant mtDNAs grew worse than either parent 
(p < 0.05 for independent ANOVAs comparing growth of each recombinant strain to 
each parent; Supplemental Table S3.5). It is likely that the interruption of one or more 
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coadapted mito-mito allele combination led to the observed negative epistasis in this 
ecologically relevant media. 
 To determine if mito-mito epistasis was a general feature among mtDNAs, we 
created additional recombinant mtDNAs between four different mitotypes 
(Supplemental Table S3.2). Growth rates were collected for isonuclear strains containing 
fixed recombinant mtDNAs (mitotypes YJM975 x Y12, YJM975 x YPS606, YJM975 x Y55, 
and YPS606 x Y55). To explicitly test for mito-mito epistasis, we used a variance 
partitioning approach developed to test for epistasis in haploid genetic systems (SHAW et 
al. 1997). Specifically, additive by additive (i.e. mito-mito) epistasis (VAA) was estimated 
as twice the difference between the variances attributed to the parental crosses (PC) 
and the putative recombinants (R) i.e., VAA = 2 * (2R - 2PC ) (see Methods). There was 
evidence for mito-mito epistasis (p < 0.001) in each environmental condition (Table 3.3). 
These analyses were repeated for balanced subsets of the data, such that each mitotype 
was only represented exactly once or twice (using data from mitotype crosses YJM975 x 
Y12 and YPS606 x Y55 or YJM975 x YPS606, YJM975 x Y55, and YPS606 x Y55, 
respectively). In both balanced designs, VAA estimates were significant and positive, with 
one exception (double representation, YPD at 37°). The negative VAA estimate in this 
exception suggests a violation of test assumptions and could be generated if the 
interacting loci were tightly linked. If mitochondrial recombination was not sufficient to 
interrupt linkage in these crosses, our power to observe mito-mito epistasis would be 
reduced.  Still, we detected positive mito-mito epistasis in most cases.   
128 
 
 In sum, mito-mito epistasis appears to be a common feature in yeast mtDNAs. 
Mito-mito epistasis estimates were highest for the ecologically relevant media (SOE) at 
high temperatures, and suggest that selection for interacting mitochondrial alleles has 
influenced mtDNA evolution. 
3.5 Discussion 
The evolutionary significance of mitochondrial recombination is not well 
understood. In this work, we show that recombination can reveal interactions between 
mitochondrial loci that affect fitness. Our analyses were facilitated by using strains with 
isogenic nuclear genotypes and parental or recombinant mtDNAs in fixed environments, 
such that phenotypic variances could be directly attributed to mtDNAs. Because 
mtDNAs are homoplasmic in yeast, dominance effects (VD) could be eliminated, and the 
remaining phenotypic distributions must be due to additive (VA) and/or epistatic (VI) 
components within mtDNAs. In most cases, recombinant mtDNAs created distributions 
that were consistent with additive effects. However, negative interactions between 
mitochondrial alleles best explains the lowered fitness values of nearly all strains with 
recombinant mtDNAs shown in Figure 3.5B. Epistasis can be difficult to detect because 
for most allele frequencies the additive (main) effects of interacting loci will be greater 
than the total epistatic variance unless the epistatic loci have strong deleterious 
interactions (MACKAY 2014). Still, statistically significant non-zero values of mito-mito 
epistasis (VAA) were estimated when assessing recombinant mtDNAs from four distinct 
parental mitotypes. Mito-mito epistasis is most likely a general feature underling fitness 
differences in yeast mtDNAs. 
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Given the large number of physical interactions between the products of 
mitochondrial genes, it is possible that multiple mito-mito interactions contribute to 
mtDNA fitness. In the simplest case where each parental mtDNA contains unique alleles 
for two interacting loci (e.g. X1Y1 and X2Y2), offspring with recombinant mtDNA should, 
at most, form two distinct phenotypic classes (representing X2Y1 and X1Y2). While our 
sample sizes are too low to robustly describe distribution shapes, the phenotypic 
distribution in Figure 3.5B appears broad, consistent with the interruption of multiple 
different interacting genes. Large deletions within mtDNAs arise in clonally replicating 
cells (resulting in ‘petites’ (EUPHRASSI 1949) and so we omitted non-respiring diploid 
strains resulting from the crosses generating recombinant mtDNAs. Our observed 
numbers of petites varied between crosses (Supplemental Table S3.11) and could reflect 
additional deleterious mito-mito interactions between certain mtDNAs that were not 
analyzed in this study. 
We found that recombination between parental mtDNAs generated lower 
fitness mtDNAs using laboratory crossing schemes, showing that mito-mito 
incompatibilities exist within species. In nature, mito-mito incompatibilities generated 
via mitochondrial recombination may lead to reduced fitness in hybrids. In S. paradoxus, 
recombination between mtDNAs from diverging populations generated hybrid diploids 
with lower fitness than hybrids with parental mtDNAs (LEDUCQ et al. 2017). Given the 
heterozygous nuclear genotypes in these hybrids, dominant interactions between 
mitochondrial and nuclear alleles could not be ruled out entirely. However, it is likely 
that negative interactions between mitochondrial loci could be contributing to incipient 
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speciation events. In natural hybridization zones, S. paradoxus hybrids contain mtDNAs 
with specific recombination patterns of mtDNAs (LEDUCQ et al. 2017; PERIS et al. 2017), 
consistent with selection for mito-mito (and possibly higher order mito-mito-nuclear) 
interactions. Coevolved mito-mito interactions are likely to strengthen hybridization 
barriers already imposed by mitochondrial-nuclear incompatibilities in Saccharomyces 
yeasts (SULO et al. 2003; LEE et al. 2008; CHOU et al. 2010; ŠPÍREK et al. 2015). 
Strains with recombinant mtDNAs had different phenotypic distributions when 
grown in different environmental conditions. Thus, selection potential for direct 
mitotype effects (including mito-mito epistasis) versus mitonuclear interactions will be 
altered in different environments. In the 9 mitotype x 9 nuclear genotype strain 
collection, we found that direct effects of mitotypes were significant only when 
respiring cells were grown in temperature and oxidative stress conditions. This is 
perhaps a reflection of increased ATP demands (POSTMUS et al. 2011) and a 
mitochondrial role in stress responses at elevated temperatures in cells (KNORRE et al. 
2016; MUNRO and TREBERG 2017). In contrast, mitonuclear interactions were highly 
significant in each condition tested, as shown here and in (PALIWAL et al. 2014), including 
fermentable media where mitochondrial metabolism is downregulated due to glucose 
repression. It is possible that mitonuclear interactions play roles that are more related 
to cellular homeostasis rather than oxidative phosphorylation. In support of this, 
cosegregating mitochondrial and nuclear alleles in natural populations of fish mapped to 
genes with roles in mitochondrial protein regulation and translation but not to genes 
encoding subunits of oxidative phosphorylation complexes (BARIS et al. 2017). 
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While coevolved mitonuclear genome combinations generally show higher 
fitness than synthetic genome combinations, exceptions are routinely observed, 
including in yeast (Figure 3.1A and (PALIWAL et al. 2014)), copepods (WILLETT and BURTON 
2003), and flies(RAND et al. 2006). Mitochondrial alleles with strong direct effects may 
help to explain these observations. Without recombination, selection for beneficial 
mitochondrial alleles may be impeded by linkage to other mitochondrial alleles causing 
mitonuclear incompatibilities. Recombination may promote adaptive evolution by 
separating beneficial alleles from linked deleterious alleles. Bi-parental inheritance of 
plastid DNA can lead to rescue of a cyto-nuclear incompatibility (BARNARD-KUBOW et al. 
2017) suggesting the same is possible with mitochondrial recombination. Low levels of 
recombination in natural populations may weaken mitonuclear coevolution, especially if 
there is selection on direct effects that could promote admixture. However, strong mito-
mito incompatibilities may reinforce mitonuclear incompatibilities in the presence of 
mitochondrial recombination. 
Mitochondrial recombination has played a role in the evolution of mtDNAs in 
yeasts (WU et al. 2015; LEDUCQ et al. 2017; WANG et al. 2017). High rates of 
recombination have been reported in laboratory conditions (FRITSCH et al. 2014), 
although mitochondrial heteroplasmy does not necessarily occur in the diploid cells 
produced following matings (ZINN et al. 1987). We observed that approximately 40% of 
mated cells contained recombinant mtDNAs as identified through low resolution 
genotyping approaches. Additional mated strains had mtDNA genotypes that matched 
one parental mtDNA but phenotypes that matched the alternative mtDNA parental 
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control strain, suggesting that many recombination events went undetected. A closer 
analysis of mitochondrial recombination is necessary to develop mapping approaches 
and to understand how functional variation is created in nature. 
 Mito-mito epistasis adds to the complexity of genetic interactions affecting life 
history traits. In systems where mtDNA inheritance is uniparental and largely absent of 
recombination, mildly deleterious mutations are frequently maintained (NEIMAN and 
TAYLOR 2009). Secondary mutations that compensate for an interrupted epistatic 
interaction should be selected for and promote mito-mito coevolution. Selection for 
interacting mitochondrial loci may also contribute to unexpected maintenance of 
mtDNA heteroplasmy (YE et al. 2014). In recombining systems, mitochondrial 
recombination will create new mito-mito allele combinations that could influence the 
removal of deleterious mutations, hybrid fitness, and coevolutionary processes. 
Generation and characterization of recombinant mtDNAs as done here and 
experimental evolution in yeast offer approaches to test such evolutionary mechanisms 
in the future. 
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Figure 3.1 Mitochondrial genotype affected respiratory growth at elevated temperature 
 
Figure 3.1 Mitochondrial genotype affected respiratory growth at elevated temperature.  
S. cerevisiae strains containing different combinations of nuclear and mitochondrial 
genomes were grown overnight in liquid fermentable media, serially diluted and grown 
for 2 days on fermentable (YPD) or nonfermentable media (YPEG) media at 30° and 38°. 
Nonfermentable media requires mitochondrial respiration for growth. Nuclear and 






Figure 3.2 Fitness effects of mitotypes in nonfermentable media 
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Figure 3.2 Fitness effects of mitotypes in nonfermentable media 
Heat maps show the relative increase (red) or decrease (blue) in fitness by specific 
mitotypes. Relative fitness is shown for each nuclear background in media where direct 
effects of mitotypes were statistically significant. Mitotypes had observable direct 
effects in nonfermentable media (CSMEG, YPEG, YPEGM) at 37°. Percent changes in 
growth were determined by comparing the growth rate of each mitonuclear genome 
combination with the average growth of all strains with the same nuclear genotype. 




Figure 3.3 Temperature increases phenotypic variances due to mitotypes under stress 
conditions 
 
Figure 3.3 Temperature increases phenotypic variances due to mitotypes under stress 
conditions 
(A) Total normalized phenotypic variances and individual variance component analyses 
including nuclear (blue), mitotype (red), and mitonuclear epistasis (orange) and residual 
(grey) are presented as stacked bar graphs. (B) The proportion of total phenotypic 
variance due to independent effects of mitotypes is plotted across increasing 




Figure 3.4 High fitness mitotypes provide competitive advantage 
 
Figure 3.4 High fitness mitotypes provide competitive advantage 
Overnight cultures of yeast strains containing the YJM975 nuclear genotype and YJM975 
(blue) or Y12 (red) mitotypes were mixed and competitively grown on solid respiratory 
media (YPEG). The proportion of cells containing each mitotype was determined before 
(t = 0) and after competition on YPEG media for two days by counting numbers of large 
(Y12) and small (YJM975) colonies that formed on YPEG media at 37°. Proportions 
shown are based on total numbers of colonies counted before (n = 223) and after 
competition at 30° (n = 391) and 37°(n = 205). Significance codes following Bonferroni 









Figure 3.5 Mitochondrial recombination generates novel phenotypes 
Diploid strains containing isogenic homozygous nuclear genotypes and parental Y12 
(red) or YJM975 (blue) or recombinant (green) mitotypes were spotted via robotic 
transfer onto solid media and colony sizes were quantified after 48 hours. Two 
biological replicates for each parental control diploid were included. Colony sizes 
distributions are plotted as histograms. (A) YPEG, 37°. The intermediate phenotypes of 
representative recombinant strains (R1 and R2) are shown in the insert. (B) SOE, 37°. 




Table 3.1 Nuclear, Mitotype, And Mitonuclear Effects On Growth 
Condition Nuclear Mitotype Mito-nuclear 
Media 
 
°C df 2 p df 2 p df 2 p 
CSMEG 
 
30 5 42.87 *** 5 0.27 ns 5 81.69 *** 
35 5 100.62 *** 5 7.58 * (0.0059) 5 261.39 *** 
37 5 69.39 *** 5 4.46 * (0.0346) 5 666.08 *** 
YPEG 
 
30 5 79.04 *** 5 0 ns 5 638.80 *** 
35 5 23.76 *** 5 0.12 ns 5 836.52 *** 
37 5 78.33 *** 5 10.06 ** (0.0015) 5 318.40 *** 
YPEGM 
 
30 5 89.38 *** 5 0.08 ns 5 706.30 *** 
35 5 32.09 *** 5 7.76 * (0.0053) 5 484.19 *** 
37 5 42.47 *** 5 24.21 ***(8.65x10-7) 5 219.67 *** 
CSM 
 
30 5 127.82 *** 5 0 ns 5 363.13 *** 
35 5 222.92 *** 5 0 ns 5 259.84 *** 
37 5 204.09 *** 5 0 ns 5 506.38 *** 
SOE 
 
30 5 62.14 *** 5 0.30 ns 5 298.82 *** 
35 5 45.21 *** 5 0 ns 5 659.51 *** 
37 5 80.46 *** 5 0.01 ns 5 799.73 *** 
YPD 
 
30 5 87.81 *** 5 0 ns 5 398.46 *** 
35 5 110.05 *** 5 2.37 ns 5 124.93 *** 
37 5 130.99 *** 5 0 ns 5 203.22 *** 
To determine the significance of each term, ANOVAs comparing the full model (nuclear + mitotype + (nuclear x mitotype)) 
with a model lacking the indicated term were evaluated. Factors were treated as random effects. Significance codes: ‘ns’ p > 
0.05; ‘*’ p < 0.05; ‘**’ p < 0.005; ’***’ p < 5x10-6.
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Table 3.2 Mitotype Effects On Growth 
Mitotype YPEG 37° CSMEG 37° YPEGM 37° Average 
Y12 15.5% 11.1% 23.8% 16.8% 
BC187 1.0% 8.6% 8.1% 5.9% 
YPS606 10.7% 4.2% 14.2% 9.7% 
L1528 2.5% 11.2% 5.4% 6.4% 
Yllc17_E5 4.3% 3.5% 1.2% 3.0% 
SK1 -21.9% -29.1% -20.0% -23.7% 
Y55 -8.3% -6.2% -31.7% -15.4% 
YJM975 0.8% -2.4% 0.3% -0.4% 
273614N -0.6% 3.0% 5.7% 2.7% 
The percent increase or decrease in fitness by each mitotype (as shown in Figure 3.2) 
were averaged across all nuclear genotypes. Average fitness differences across three 




Table 3.3 Mito-Mito Epistasis (VAA) Estimates 
Media SOE  YPD  YPEG  
Temperature (°C) 30 37 30 37 30 37 
All Crosses VAA 0.0051 0.0360 0.0011 0.0028 0.0019 0.0042 
CI Lower 0.0046 0.0354 0.0009 0.0026 0.0017 0.0041 
CI Upper 0.0078 0.0400 0.0014 0.0032 0.0022 0.0044 
Single 
Representation 
VAA 0.0112 0.0351 0.0010 0.0030 0.0010 0.0037 
CI Lower 0.0109 0.0345 0.0008 0.0027 0.0008 0.0036 
CI Upper 0.0141 0.0394 0.0014 0.0033 0.00144 0.0039 
Double 
Representation 
VAA 0.0060 0.0413 0.0034 -0.0030 0.0030 0.0037 
CI Lower 0.0045 0.0395 0.0033 -0.0033 0.0029 0.0035 
CI Upper 0.0091 0.0473 0.0037 -0.0027 0.0033 0.0038 
 
Positive (nonzero) VAA estimates indicate mito-mito epistasis. The overall magnitude of 
the VAA values do not provide information regarding its relative contribution to genetic 
variance. All estimates were significantly different from zero based on permutation 
analysis (see Methods). Positive estimates were confirmed based on upper and lower 
confidence intervals (CI) that did not overlap zero estimated from bootstrapping 
analysis. Subsets of the data were analyzed for single representation (YJM975 x Y12 and 
YPS606 x Y55 crosses) or double representation (each mitotype represented twice, 
YJM975 x Y12 excluded).
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3.8 Supplemental Figures 
Supplemental Figure S3.1 
Phenotypic Distributions of 
mtDNA Recombinants 
Colony size distributions of all 
mitochondrial recombinant strains 
contrasted against each parental 
phenotype in all conditions. The mean 
for each strain is plotted as an 
individual point and each the 
recombinants and the two biological 
replicates for each control strain are in 
the order from left to right of 
recombinant (green), parental YJM975 
(blue), and parental Y12 (red) for each 
temperature. The overall mean for 
recombinants, YJM975, or Y12 in each 





3.9 Supplemental Tables 
Supplemental Table S3.1 Mitonuclear Strain Table 
mtDNA 
nuclear 
YJM975 273614N YPS606 Y55 BC187 SK1 L-1528 YIIc17_E5 Y12 
YJM975 NCYC 
35941 










SP15a1 𝜌72 SP15a1 
𝜌262O 
273614N SP6a1 𝜌152 NCYC 
3585 1 




SP27a1 𝜌62 NCYC 
3606 1 






SP27a1 𝜌72 SP27a1 
𝜌262 
Y55 SP9a1 𝜌152 SP9a1 𝜌62 SP9a1 𝜌272 NCYC 
3588 1 
SP9a1 𝜌122 SP9a1 𝜌113 SP9a1 𝜌203 SP9a1 𝜌72 SP9a1 𝜌262 
BC187 SP12a1 
𝜌152 
SP12a1 𝜌62 SP12a1 
𝜌272 































SP20a1 𝜌62 SP20a1 
𝜌273 















SP26a1 𝜌62 SP26a1 
𝜌272 






SP26a1 𝜌72 NCYC 
36051 
Individual strain names for each mitonuclear genome combination are provided. All strains are MATa ura3::KanMX 
ho::HygMX. 
1. Cubillos et al., 2009;  2. Paliwal et al., 2014;  3. S. Paliwal and H. Fiumera 
O. Strains used for matings to generate recombinant diploids and controls. 
. Strains excluded from analysis due to flocculation or contamination 
Notes for reference to HLF strain log: 
For all strains bearing synthetic mitonuclear combinations in this table, multiple replicates of the strain are available. Only 
one replicate was phenotyped in this experiment. The replicated labeled A or 1A was used, except for SP27a1 ρ15, for which 




Supplemental Table S3.2 Mitochondrial Recombinant Strain Table 
ID and Strain 
name 
Nuclear mtDNA Genotype Use Reference 
JW009 
SP15a1 ρ26 
YJM975 Y12 MATa 
ura3::KanMX 
ho::HygMX 
Parent for cross to 
YJM975 mitotype 




YJM975 YPS606 MATa 
ura3::KanMX 
ho::HygMX 
Parent for crosses to 
YJM975 and Y55 
mitotypes 





YJM975 Y55 MATa 
ura3D::KanMX 
hoΔ::HygMX 
Parent for cross to 
YJM975 mitotype 




YJM975 YJM975 MATa 
ura3::KanMX 
ho::HygMX 
Parent for crosses to 
Y12, YPS606, and 
Y55 mitotypes 




Y55 Y55 MATa 
ura3::KanMX 
ho::HygMX 
Donor for transfer of 
Y55 mitotype to 
YJM975 nuclear 








Recipient of Y55 
mitotype, Parent for 






C1C1 ρ c1 
control d1 
YJM975 YJM975 MATa/α  Independent 
biological replicate 









C1C1 ρ c1 
control d2 
YJM975 YJM975 MATa/α Independent 
biological replicate 









C1C1 ρ s1 
control d1 
YJM975 Y12 MATa/α Independent 
biological replicate 
for the parental 
control diploid 







C1C1 ρ s1 
control d2 
YJM975 Y12 MATa/α Independent 
biological replicate 
for the parental 
control diploid 







C1C1 ρ e1 
control d1 
YJM975 YPS606 MATa/α Independent 
biological replicate 









C1C1 ρ e1 
control d2 
YJM975 YPS606 MATa/α Independent 
biological replicate 











C1C1 ρ e1 
control d3 
YJM975 YPS606 MATa/α Independent 
biological replicate 









C1C1 ρ e4 
control d1 
YJM975 Y55 MAT a/α Independent 
biological replicate 
for the parental 
control diploid 







C1C1 ρ e4 
control d2 
YJM975 Y55 MATa/α Independent 
biological replicate 
for the parental 
control diploid 







C1C1 ρ e4 
control d3 
YJM975 Y55 MATa/α Independent 
biological replicate 
for the parental 
control diploid 





































































Supplemental Table S3.3 Media Recipes 
Media Metabolic Pathway Recipe 
SD Fermentation 0.67% yeast nitrogen base without amino acids, 2% 
dextrose 
CSM Fermentation 0.08% Complete Supplement Mixture (Sunrise Science 
Products), 0.67% yeast nitrogen base without amino acids, 
2% dextrose 
YPD Fermentation 2% dextrose, 2% peptone, 1% yeast extract 
SOE Fermentation 1% sucrose, 0.5% fructose, 0.15% peptone, 0.1% yeast 
extract, 0.5% dextrose 
CSMEG Mitochondrial respiration 0.08% Complete Supplement Mixture (Sunrise Science 
Products), 0.67% yeast nitrogen base without amino acids, 
3% ethanol, 3% glycerol 
YPEG Mitochondrial respiration 1% yeast extract, 2% peptone, 3% ethanol, 3% glycerol 





Supplemental Table S3.4 PCR primers and conditions  
Gene Forward primer  
(5’ -> 3’) 
Reverse primer  
(5’ -> 3’) 






95° -1 min, (95°-30s, 







95° -1 min, (94°-30s, 
49°-45s, 68°-2 min, )30, 
68°-5 min 






95° -1 min, (95°-30s, 
49°-30s 68°-2 min)30, 
72°-5 min 











CSM  30 0 
35 2 
37 2 
CSMEG 30 0 
35 0 
37 2 
SOE 30 0 
35 0 
37 28 (15) 
YPD 30 0 
35 2 
37 1 
YPEG 30 0 
35 3 
37 7 (3) 
YPEGM 30 0 
35 5 (1) 
37 3 
Strains with recombinant mtDNAs whose growth phenotypes were significantly 
different from strains with either parental mitotype are indicated. A total of 41 strains 
were tested for each condition. Parentheses indicate number of strains significantly 
different after a Bonferroni correction. 
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Supplemental Tables S3.6, S3.7, and S3.8 have been omitted as they contain the raw data for 
these analyses. These tables are all available through figshare at 
https://doi.org/10.25386/genetics.5970955 
Table 3.S6 contains the growth measurements for individual colonies in the 9x9 mitonuclear 
collection of strains analyzed. 
Table 3.S7 contains the growth measurements for individual colonies for the diploids generated 
by crossing the YJM975 and Y12 mtDNAs in the YJM975 nuclear background. 
Table 3.S8 contains the growth measurements for individual spots for all strains generated by 









x  Residual Variance 
Normalized 
(°C) Mitotype Variance 
CSM 
30 84.20% 0.00% 6.80% 8.90% 1.4E+09 10058.7 
35 96.00% 0.00% 1.40% 2.50% 4.07E+09 27062.25 
37 96.00% 0.00% 2.10% 1.90% 4.55E+09 36743.87 
CSMEG 
30 28.70% 0.70% 12.50% 58.10% 2.62E+08 2695.22 
35 72.80% 3.30% 8.80% 15.10% 3.71E+08 4480.51 
37 67.90% 4.10% 17.40% 10.50% 6.49E+08 9908.97 
SOE 
30 56.40% 0.90% 17.10% 25.60% 3.55E+08 6534.77 
35 55.70% 0.00% 27.20% 17.10% 7.07E+08 14388.74 
37 76.40% 0.10% 15.90% 7.60% 8.89E+08 24513.76 
YPD 
30 72.70% 0.00% 12.70% 14.60% 9.85E+09 43153.03 
35 70.20% 1.20% 6.70% 22.00% 4.68E+09 22438.39 
37 80.60% 0.00% 6.00% 13.40% 6.92E+09 32629.14 
YPEG 
30 72.70% 0.00% 16.50% 10.80% 4.35E+09 38822.03 
35 39.00% 1.40% 41.30% 18.40% 2.19E+09 16552.17 
37 64.10% 6.10% 12.40% 17.40% 1.97E+09 16247.35 
YPEGM 
30 77.80% 0.30% 14.00% 7.80% 5.15E+09 51793.93 
35 37.30% 10.90% 27.30% 24.50% 1.49E+09 11755.24 
37 33.60% 18.30% 16.00% 32.10% 1.48E+09 13745.37 
Variance components were estimated from the models used for ANOVAs and are 
expressed as percentages of total phenotypic variance. Normalized variance was 
determined by dividing total variance by the grand mean for that condition. Variance 





Supplemental Table S3.10 Genotyping of Putative mtDNA Recombinants 
Genotype Pattern Number of 
strains  
Novel banding patterns from 
total mtDNA RFLPs 
ATP6 COX2 COX3 
  
YJM975 YJM975 YJM975 24 6 (of 8 tested) 
Y12 Y12 Y12 12 4 (8) 
YJM975 Y12 YJM975 2 1 (1) 
YJM975 YJM975 Y12 1 0 (0) 
YJM975 Y12 Y12 0 0 (0) 
Y12 YJM975 Y12 1 0 (1) 
Y12 Y12 YJM975 0 0 (0) 
Y12 YJM975 YJM975 3 3 (3) 
Mitochondrial recombination was assessed based on restriction digests of complete 
mtDNAs or individual genes. The number of strains showing each possible 
recombination pattern are indicated. Strains that showed recombination in complete 




Supplemental Table S3.11 Non-Respiring Diploid Frequency in Crosses 
mtDNA Cross Number of petite strains Number of strains tested petite frequency 
YJM975 x Y12 0 41 0% 
YJM975 x YPS606 2 89 2.3% 
YJM975 x Y55 9 64 14.1% 
YPS606 x Y55 2 88 2.3% 
Reported are the numbers of diploids with putatively recombinant mtDNAs that could 
not support respiration produced from each cross. These non-respiring strains were 




Chapter 4: Conclusion 
4.1 Discussion 
 In my dissertation work I have characterized mitochondrial variation within a 
single yeast species, Saccharomyces cerevisiae, showed that it has temperature-
dependent impacts on growth, and discovered that interactions between mitochondrial 
loci affect fitness (WOLTERS et al. 2015 and WOLTERS et al. 2018). Extensive mtDNA 
variation and population subdivision suggests that mitochondrial variants may be 
adaptive to the ecological niches of different populations. The functional impacts of 
mtDNA variation further suggest that some of these intraspecific polymorphisms are 
indeed functional and could be under positive selection. I submit that functional 
variation shaped by positive selection in mtDNAs is likely a pervasive feature in 
eukaryotes. Mito-mito interactions further shape functional mtDNA variation by 
promoting coadaptation with the mtDNA. Mitochondrial divergence between species 
may be shaped by selection to preserve functional interactions which results in distinct 
allele pairs in different populations but which are incompatible in recombinants 
between populations. The mtDNA is thus an important factor in speciation both through 
mitonuclear incompatibilities and through mito-mito incompatibilities in organisms with 
bi-parental inheritance. Understanding these selective forces that shape mitochondrial 
polymorphisms is vital to deeply understanding eukaryotic evolution. 
 My dissertation work has left several questions not fully answered such as the 
extent of recombination in natural populations, the frequency of recombination in 
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laboratory crosses, and the causative mechanisms underlying mtDNA contributions to 
fitness through direct effects and mito-mito epistasis. In this section, I discuss future 
experiments that could guide future research into these areas. I conclude by exploring 
other experiments that expand upon these subjects using other yeast species and my 
future research goals beyond as a postdoctoral researcher. 
4.2 Recombination in Complete mtDNAs of Natural Isolates 
 The complete mtDNAs assessed in Chapter 2 suggest that recombination has 
occurred in natural populations evidenced by strains with mosaic nuclear genomes also 
containing mosaic mtDNAs. Identifying possible recombination events in complete yeast 
mtDNAs is primarily a bioinformatics problem and thus should be solved through 
computational methods. I suggest the use of recombination detection algorithms 
employed in programs such as RDP4 (MARTIN et al. 2015), which was previously used to 
identify exchanges in mitochondrial introns between distant yeast species (WU et al. 
2015). Such tools identify putative recombination events as sites in which a recombinant 
closely matches a given strain for one portion of the sequence but bears close identity 
to a divergent strain for the remainder of its sequence. The program RDP4 crashes when 
attempting to analyze complete mtDNAs, which may be unsurprising given it was 
developed for short viral genomes. Analyzing concatenated coding sequences may 
identify some recombination events, but will likely have poor resolution to identify 
where they occurred as intergenic regions are large in S. cerevisiae. Developing better 
tools that can handle genomes with complex structural variation is necessary. 
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 Recombination can also be evidenced by detecting population admixture using 
STRUCTURE (PRITCHARD et al. 2000), but I recommend avoiding this as STRUCTURE as 
proper use of this tool requires a large data set of unlinked markers which may not be 
possible within the mtDNA. Linkage disequilibrium between the polymorphisms in the 
complete mtDNAs has not been thoroughly assessed. Others have used STRUCTURE for 
S. paradoxus mtDNAs (LEDUCQ et al. 2017), though these strains likely have a less 
complex population history than S. cerevisiae due to the large number of mosaic S. 
cerevisiae strains. Developing better complete mtDNA alignments and identifying 
unlinked markers in conserved regions may enable STRUCTURE analysis of complete 
yeast mtDNAs. 
4.3 Estimating Recombination Frequency in Laboratory Crosses 
 The extent to which recombination occurs during a single controlled cross in the 
laboratory environment has never been clearly established. The work presented in Appendix B 
casts doubt upon the only estimate from a single cross of 3 events per kilobasepair (FRITSCH et al. 
2014), which approximates to several hundred events per mtDNA molecule on average, which is 
implausibly high. That estimated derived from assessing recombination in individual sequencing 
reads from large pools of cells created by crossing strains with distinct mtDNAs. In this section I 
will discuss how improved methodologies could provide more accurate estimates of 
recombination from large sequencing pools and alternative strategies to determine 
recombination with more precision. 
 In the methodology employed by Fritsch et al. (2014) recombination was assessed by 
looking at adjacent variable sites between the parental mtDNAs that could be captured in a 
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single sequencing read. Recombination is detected whenever one of the sites matches a parent 
and the adjacent site matches the opposite parent. A key flaw of this methodology is that each 
site is considered without reference to other variable sites contained in the same read. A 
sequencing error could cause a false positive recombination event even when all the other sites 
contained in the read suggest no recombination occurred. An improved methodology could 
restrict recombination detection only to regions that contain multiple informative sites and only 
call a recombination event when multiple sites support the conclusion. This more conservative 
approach should produce a more reliable picture of mtDNA recombination while maintaining 
the power and experimental ease of analyzing recombination using a large pool of cells. 
 Alternatively, recombination can be generated based on analysis of complete mtDNAs. 
Independent recombinants can be generated and their complete mtDNAs isolated and 
sequenced separately. By obtaining complete haplotypes for each strain detecting 
recombination sites becomes simple by following switches in haplotype from one parent to the 
other. Noise introduced by sequencing errors is practically irrelevant in this case because each 
base determination is based on many reads, as opposed to the previous strategy which assesses 
single reads in isolation. To avoid a biased estimate of recombination it is necessary to sequence 
recombinants without a priori determinations that they may be recombinant or parental. A 
detriment of this strategy is the high cost involved in generating complete mtDNAs of single 
strains, however, the cost may be more than justified by the clarity of the data and the potential 
utility of complete recombinant mtDNA sequences in mapping applications. 
4.4 Mapping Causative Variants in the mtDNA 
 In Chapter 3 I identified mitotypes that have divergent phenotypic patterns in non-
fermentable growth at high temperature and found evidence that mtDNAs from divergent 
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populations contain incompatible loci. In the work described in Appendices B and C I could not 
identify the causative locus contributing to functional mitochondrial variation. However, there 
are experiments that could potentially map the contributors to direct mtDNA effects and mito-
mito epistasis. In this section I discuss several viable strategies for mapping these variants. 
 The most likely reason that mapping failed in the experiment described in Appendix B 
was insufficient recombination during a single cross between two mtDNAs. The experiment 
could be repeated using multiple rounds of recombination to further break up linkage and 
increase mapping resolution. A backcross strategy, in which crosses are conducted repeatedly to 
the strain that contains the allele causing poor growth, would be effective at narrowing down 
the causative site. Briefly, diploids would be generated between strains with isogenic nuclear 
DNA but mtDNAs that cause divergent phenotypes in a large pool as described in Appendix B. 
After the first pool of diploids is collected they are then induced to undergo meiosis and haploid 
strains carrying the same mating type and auxotrophic marker as the parental strain carrying the 
high growth allele are collected. These haploids can then be crossed again to the parental strain 
carrying the low growth allele. After each round of this process the extent of recombination in 
the pool should be elevated and the regions of the genome from the high growth parent should 
be minimized. After the desired number of rounds of crosses, the pool is subjected to selection 
for strains carrying the high growth allele, and allele frequencies before and after selection are 
compared to identify the causative site as described in Appendix B. 
 Causative variants can also be identified by comparing complete mtDNAs of individual 
recombinants. In this strategy a large number of individual recombinants are collected as 
described in Chapter 3, and a large number of strains with divergent phenotypes are individually 
sequenced to determine their complete mtDNAs. The sequencing can be optimized by targeting 
strains that show evidence of recombination and ideally genetic markers that match one parent 
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and a phenotype matching the other. The causative locus can be identified based on its 
association with divergent phenotypic data, which can be qualitative (high vs. low) or 
continuous growth estimates such as colony sizes or growth rates assessed using high 
throughput phenotyping methods described in Chapter 3 and Appendix F. This strategy can be 
used as part of a larger experiment to establish recombination rates by sequencing a large 
number of individual strains, though as mentioned previously it is crucial to avoid choosing 
strains that may bias the estimates of recombination. 
4.5 Mapping Mito-Mito Epistasis 
 In Chapter 3 I showed evidence that incompatible loci exist between yeast mtDNAs from 
divergent populations that contribute to poor growth in recombinants (Figure 3.5B). Pinning 
down the incompatible loci may be challenging as the genetic architecture underlying 
incompatibilities appears complex. Mitochondrial recombinants that showed evidence of 
epistasis described in Chapter 3 and Appendix E have continuous phenotypic distributions. Some 
recombinants perform similarly to parentals, some perform moderately worse (or better in 
cases of positive mito-mito epistasis), and others perform very differently from parental strains. 
In this case, a prudent strategy would be to focus on phenotypic extremes by sequencing 
individual diploids that perform similarly to control strains bearing only parental mtDNA and 
those most divergent in phenotype from the controls. Putative pairs of incompatible loci would 
be identified by looking for pairs of alleles that match a parental haplotype in strains that 
perform similar to controls but are disrupted in strains with very poor growth relative to 
controls. The same strategies could theoretically be extended to higher order interactions 
between mitochondrial loci. 
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Mapping mito-mito epistasis can be complemented by bioinformatic assessments of 
mtDNAs from natural isolates. Incompatible allele pairs generated by recombination in the 
laboratory should be rare in natural populations. The complete mtDNAs can be analyzed to 
determine if a putative incompatible allele pair occurs in nature and identify other pairs of loci 
that have high linkage disequilibrium potentially due to coadaptation. 
 Mitonuclear epistasis is known to influence phenotypes in diverse organisms and my 
work in Chapter 3 and Appendix E demonstrates that nuclear alleles likely also modify mito-mito 
epistasis. The work described in Appendix E provides the groundwork for potentially mapping 
nuclear alleles that modify mito-mito interactions. If an incompatible mito-mito allele pair can 
be identified it may be possible to also map the interacting nuclear variants. Mitochondrial 
replacement can be used to test a single mitotype containing an incompatible allele pair across 
nuclear backgrounds to identify those that mask the incompatibility. Association testing could 
then be used to identify nuclear variants associated with masking the incompatibility, though 
this is hampered in yeast by strong population structure. 
4.6 Postdoctoral Research: Mitochondrial Evolution in Other Yeast Species 
 Following my dissertation research I hope to pursue a postdoctoral research position 
and ultimately an academic career as a faculty member involved in research. As of this writing, I 
have accepted a position at the University of Wisconsin-Madison in the lab of Dr. Christopher T. 
Hittinger. Currently this position is dedicated to biofuels research as part of the Great Lakes 
Bioenergy Research Center, however, I am pursuing funding from multiple sources to conduct 
research that directly stems from the findings presented here. In this section I will briefly discuss 




 The research presented in this thesis has focused on the yeast S. cerevisiae, but many 
valuable insights may be gained by investigating mitochondrial evolution in other yeast species. 
Hybridization is known to occur between yeast species, sometimes resulting in strains with 
specialized applications such as lager brewing (NAKAO et al. 2009; PERIS et al. 2016), which may 
also result in interspecific mtDNA hybridization. S. cerevisiae and its sister species S. paradoxus 
occur in sympatry in oak exudates (NAUMOV et al. 1998). Low viability of interspecific hybrids 
limits mating across species but hybrid vigor has been reported in experimental crosses 
(BERNARDES et al. 2017). The effects of interspecific crosses on the mtDNAs of these species are 
largely unknown. Recently, recombination between the mtDNA of these species has been 
suggested (PERIS et al. 2017) and S. paradoxus strains that show gene order matching S. 
cerevisiae and intermediate patterns of polymorphisms between both species have been found 
(LEDUCQ et al. 2017). Experimental crosses between S. cerevisiae and S. paradoxus strains could 
clarify the role that interspecific mtDNA recombination has played in shaping the observed 
patterns of mtDNA variation in natural isolates. 
 By crossing S. cerevisiae and S. paradoxus strains from different populations it is 
possible to assess the effect of species identity, genetic distance, and gene order on mtDNA 
recombination. For each of the following crosses large numbers of intra- or inter-specific 
diploids can be created by crossing S. cerevisiae or S. paradoxus strains following similar 
procedures to those described in Chapter 3. A clear methodology for estimating the 
mitochondrial recombination rate from a cross has not been previously demonstrated but 
section 4.3 suggests multiple possible methods. Low viability of hybrids is not a concern for 
assessing mtDNA recombination as mtDNA recombination can occur during generation of 
interspecific diploids and does not require meiosis. Comparing the recombination rate in crosses 
between S. cerevisiae strains from divergent populations vs. within a population can assess how 
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recombination is influenced by sequence divergence and structural variation. Crosses between 
S. paradoxus strains that have different gene order, as compared to crosses within each group, 
can establish the effect of large differences in genome structure on recombination. Interspecific 
crosses between S. cerevisiae and S. paradoxus strains that share gene order can be contrasted 
to interspecific crosses of strains with different orders to establish how differences between 
species affect recombination and how these effects may be further compounded by differences 
in gene order. Environmental influences have been shown to influence mitochondrial 
inheritance between S. cerevisiae and S. paradoxus (HSU and CHOU 2017), though this study did 
not assess the possibility of mtDNA recombination. Crosses could be repeated under different 
environmental conditions to assess recombination rates and inheritance patterns that may be 
biased by selection for S. cerevisiae or S. paradoxus mtDNA alleles. The fitness of recombinants 
generated by these crosses could be assessed to identity possible mito-mito incompatibilities 
between S. cerevisiae and S. paradoxus. 
 Expanding the scope of this research to other species would greatly benefit from looking 
beyond the Saccharomyces sensu stricto complex. Generalizable trends in mtDNA evolution 
should be observable broadly across the phylogeny. Strains from across the yeast phylogeny and 
genome sequences are being created as part of the Y1000+ project, a collaborative project led in 
part by Dr. Hittinger that seeks to sequence more than 1,000 complete genomes from 
specimens of all known species in the fungal subphylum Saccharomycotina. The Y1000+ 
project provides a strong foundation for exploring fundamental aspects of mtDNA 
evolution in diverse yeasts. 
The work presented here has shown that replacing mitochondrial haplotypes in 
the yeast S. cerevisiae affected respiratory growth rate (Chapter 3), and sampling 
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information of natural strains has suggested that climate plays a large role in shaping 
the geographic distributions of S. cerevisiae and S. paradoxus populations (ROBINSON et 
al. 2016). Findings from the Y1000+ project have suggested temperature is a critical 
factor in shaping yeast ecology across diverse species (SYLVESTER et al. 2015). If 
temperature plays a large role in mtDNA evolution then yeast species that have 
expanded to novel temperature regimes should experience positive selection for 
adaptive variants to the new regime. For yeast species that have diverged in 
temperature preference relative to close relatives the complete mitochondrial genomes 
from the Y1000+ project could be used to search for signatures of positive selection on 
the mtDNA. Given that pathogenic have higher temperature preferences a similar 
approach could be used to explore how mtDNAs have evolved in responses to changes 
in temperature and other stressors during the evolution of pathogenicity. The large 
number of genomes for diverse species in the Y1000+ collection provides a powerful 
basis to explore what selective forces may commonly act on mtDNA variants. 
 The Y1000+ project could also help to explore the role aerobic 
fermentation in yeast evolution. Yeasts such as S. cerevisiae that are viable in the 
absence of a functional mtDNA may experience relaxed purifying selection on 
respiratory genes. Evidence for relaxed purifying selection has been found on nuclear 
genes involved in respiration in S. cerevisiae (JIANG et al. 2008), but whether this is true 
for mtDNA genes or for other species that can aerobically ferment has not been 
assessed. By analyzing species across the yeast phylogeny that show independent 
acquisitions of aerobic fermentation (DASHKO et al. 2014) and searching for signatures of 
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relaxed purifying selection on respiratory genes (nuclear or mitochondrial) the effect of 
this shift in metabolism on respiratory evolution can be clearly established. 
4.7 Conclusion 
 The mitochondrial genome is an essential feature of eukaryotic life and has likely played 
a large role in the evolution of the incredible diversity of eukaryotic organisms. In this work I 
have demonstrated that variants in the mtDNA contribute to functional diversity and likely to 
phenotypic diversity in natural populations. Interactions between mitochondrial loci represent 
an important source of phenotypic variation, especially in crosses between divergent 
populations. Significant work remains to fully understand the dynamics of mitochondrial 
evolution including the impacts of recombination and the role of mito-mito epistasis in 
generating phenotypic diversity and potentially in speciation. More detailed study of the role 
mtDNA recombination can play in other systems, such as plants or animals that experience 
paternal leakage, is necessary to determine whether the trends observed in this yeast model 
may be broadly applicable.  
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Chapter 5 Appendix A: Evidence for Mitonuclear Coevolution 
A.1 Background 
 Chapter 3 explored how mitotypes affected growth rate, as measured by colony 
size, of S. cerevisiae. Mitonuclear epistasis contributed significantly to growth in all 
conditions tested. If mtDNA and nuclear genomes coevolve to preserve functional 
interactions then synthetic mitonuclear combinations should disrupt coadapted 
interactions and reduce fitness. Prior work has shown that disruption of coadapted 
mitonuclear combinations led to lower growth rates and higher oxidative stress in 
synthetic combinations compared to the coadapted combination (PALIWAL et al. 2014). In 
this appendix, I contrast the growth of strains bearing synthetic vs coadapted 
combinations for the strains and conditions assessed in Chapter 3. 
A.2 Results 
 If mitonuclear coadaptation has previously occurred then strains bearing 
synthetic mitonuclear combinations should have lower growth than strains bearing the 
coadapted combinations. Strong signatures of coadaptation were evident in SOE and 
CSM media (Table A.1). At elevated temperature (37°C) in CSM media and in SOE media 
the strains containing the synthetic combinations performed 10.62% and 23.87% worse 
than the strains containing the coadapted combinations, respectively. The difference 
between the coadapted and synthetic strains was not significant at 30°C which suggests 
that additional environmental stressors can reveal coadaptation. 
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On CSM media at 37°C five synthetic combinations grew significantly better than 
the coadapted combination while 14 grew worse, and 34 had similar growth (Table A.1). 
On SOE media at 37°C one synthetic combination grew better, while 20 grew worse, and 
31 had similar growth levels (Table A.1). Weakly significant results were also found in 
YPEG media at 37°C and CSMEG media at 35°C suggesting that mitonuclear coevolution 
affects fermentable growth more strongly than nonfermentable growth at high 
temperature. 
 On nonfermentable media containing an oxidative stress agent (YPEGM) 
a large number of synthetic combinations performed significantly different from the 
coadapted strain, but there was no clear pattern leaning towards better or worse 
growth than the coadapted strain (Figure A.1). The breakdown of variance in growth in 
Chapter 3 showed that at elevated temperature the direct effects of mitotype were 
larger than the effect of mitonuclear epistasis in YPEGM media (Table S3.9). The strong 
signature of coevolution on SOE media, which is designed to mimic natural conditions 
for wild S. cerevisiae, suggests that coevolution has occurred in nature, but is only 
revealed in the laboratory when conditions similar to those in which past selection for 
coadaptation has occurred are tested. Novel stress conditions, like those in YPEGM, 
instead reveal novel effects of mtDNA alleles that are not clearly consistent with 
coevolution. 
While strains bearing specific synthetic mitonuclear combinations did 
outperform the coadapted combinations the synthetic combinations considered as a 
whole never significantly outperformed the coadapted combination (Table A.1). The 
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results presented here are consistent with mitonuclear coevolution based on the clear 
bias towards poor performance of strains bearing synthetic combinations in SOE media, 
mimicking a natural yeast environment, at elevated temperature. Temperature and 
oxidative stress on nonfermentable media can lead to widely varying growth patterns of 
different mitonuclear combinations which are not consistent with any bias for growth in 
this condition for coadapted or synthetic combinations. Mitonuclear coevolution can 
predict growth patterns in media that emulates natural conditions but cannot for novel 
stress conditions. 
A.3 Methods 
 Strains, growth conditions, and phenotyping methods are described in Chapter 
3. Briefly, mitochondrial replacement strains for all pairwise combinations of 9 nuclear 
genomes and 9 mtDNAs were grown on multiple media types (CSM, CSMEG, SOE, YPD, 
YPEG, YPEGM, see Table 3.S3 for media definitions) at multiple temperatures. Fitness 
was assessed based on differences in the size of colonies in high density arrays with 
multiple technical replicates for each strain (data is available in Supplemental Table 
S3.6). 
 The significance of the difference between the growth of synthetic vs. coadapted 
mtDNA-nuclear combination was assessed by first normalizing the growth of strains in 
each nuclear background. In each condition, the average growth of each strain was 
divided by the average of all strains bearing that nuclear genome to express growth 
differences on a normalized scale of fold change. Fold change is comparable across 
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nuclear backgrounds even when the average growth of each nuclear background is 
highly distinct. The fold change was then converted in a log2 scale and an ANOVA was 
conducted to contrast synthetic vs coadapted combinations in each condition (One way 
ANOVA: Growth ~ Type [coadapted or synthetic]). The mean percent fold change was 
determined as the geometric mean of fold change for all synthetic combinations divided 






 Table A.1 Coadapted vs Synthetic Comparisons across Conditions 
 
Significance codes: * <0.05, ** <0.005, *** < 0.0005 
Media °C p 
value 


















CSM 30 n.s. 1.23% 7 54 5 6 43 
35 ** -3.62% 7 54 15 3 36 
37 *** -10.62% 7 53 14 5 34 
CSMEG 30 n.s 1.08% 7 54 4 6 44 
35 * -2.63% 7 54 17 6 31 
37 n.s -2.72% 7 54 17 14 23 
SOE 30 n.s. -5.31% 7 54 8 3 43 
35 *** -15.81% 7 53 18 2 33 
37 *** -23.87% 7 52 20 1 31 
YPD 30 n.s. 6.88% 7 54 4 4 46 
35 n.s. -0.92% 7 54 8 3 43 
37 n.s. -2.65% 7 54 16 11 27 
YPEG 30 n.s. -3.72% 7 54 10 10 34 
35 n.s. 3.75% 7 54 13 16 25 
37 * -4.79% 7 54 16 13 25 
YPEG
M 
30 n.s. 3.84% 7 54 12 9 33 
35 n.s. 4.04% 7 54 15 20 19 
37 n.s. 2.93% 7 54 19 19 16 
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Chapter 6 Appendix B: Attempts at Mapping Functional 
Mitochondrial Variants using Bulk Segregant Analysis 
B.1 Background 
 In Chapter 3 I showed that the Y12 mtDNA confers a growth advantage relative 
to the YJM975 mtDNA when either is paired with the YJM975 nuclear genome on 
nonfermentable media at high temperature (Figure 3.1). The phenotypic distribution of 
strains carrying recombinant mtDNA between these mitotypes suggests that multiple 
loci underlie this phenotype that are consistent with predominantly additive effects 
(Figure 3.5A). The causative alleles in the Y12 mtDNA are unknown. On a fermentable 
synthetic oak exudate media at high temperature these strains had a phenotypic 
distribution consistent with negative mito-mito epistasis (Figure 3.5B). The work 
presented in this appendix is focused on mapping direct effects of mitotypes on growth 
on nonfermentable media at high temperature and does not address mito-mito 
epistasis. 
 In this experiment, I sought to map the Y12 alleles that improve high 
temperature growth on nonfermentable media using a bulk segregant approach. Bulk 
segregant analysis (BSA) maps the genetic basis of phenotypic differences by comparing 
differences in allele frequencies in pools of meiotic progeny from the ends of the 
phenotypic distribution. Pooling individuals makes BSA highly cost-efficient relative to 
obtaining full genomes for individual recombinants. BSA has been successfully applied 
to map loci underlying phenotypic divergence in yeast (DUITAMA et al. 2014; HU et al. 
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2015; SIGWALT et al. 2016) but to my knowledge has never been applied to map a locus 
in the mitochondrial genome. Mitochondrial recombination in S. cerevisiae should 
disrupt linkage during a cross and allow mapping via BSA. The rate of mitochondrial 
recombination is not well established in S. cerevisiae but a recent estimate has 
suggested it as high as 3 events per kilobasepair (FRITSCH et al. 2014), or hundreds of 
events per genome, which, if correct, should provide high mapping resolution. 
 To perform a BSA to map the functional mtDNA variants contributing to high 
temperature nonfermentable growth differences between the YJM975 and Y12 
mtDNAs, I generated a large pool of diploids that were isogenic YJM975 nuclear genome 
but contained recombinant mtDNA. The diploids were grown under selective conditions 
to enrich for causative Y12 mtDNA alleles and mtDNA was isolated from pools before 
and after selection. Alleles with a large change in allele frequency would before and 
after selection relative to the other mtDNA alleles would be putatively causative. In this 
work I failed to map a causative mtDNA allele but the results showed that 
recombination rates for this cross were likely lower than previously reported for similar 
crosses.  
B.2 Results 
Variation between the Y12 and YJM975 mtDNAs 
 Mapping functional variants and assessing recombination are both affected by 
the density of variants. Prior to mapping I assessed the variation in the complete 
mtDNAs of Y12 and YJM975 to identify sites that could contribute to functional 
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differences. Over 2,000 sites are variable between these genomes which occur 
predominantly in intergenic regions (Table B.1). Many of these variants are large 
structural variants such as presence or absence of intron sequences (previously 
described in Chapter 2 as part of the analysis of approximately 100 complete mtDNAs, 
Table 2.2 and Supplemental Figure S2.3). Approximately ten percent of these variations 
are found in genes including ribosomal and tRNAs. Sixty-two of these variants are found 
in protein coding genes. Approximately 1/3rd are non-synonymous, consistent with 
purifying selection giving a nonsynonymous to synonymous polymorphism ratio (dN/dS) 
of 0.4. The dN/dS ratio drops to 0.22 when the gene VAR1 (named for its variability, also 
known as rps3) is excluded due the presence of multiple in frame indels. The large 
number of variable sites across the genome provides a high density of SNPs for 
detecting recombination. 
Determining the Optimal Selection Regime for BSA 
 Mapping the causative variant of high growth on nonfermentable media at high 
temperature requires an efficient selection to enrich for recombinants that carry 
beneficial alleles. I tested selection on nonfermentable media in liquid or solid cultures 
to determine which enriched for cells with Y12 mtDNA, and thus the causative alleles, 
more efficiently when competed against cells carrying the YJM975 mtDNA. For this 
analysis I competed strains that were isogenic for the YJM975 nuclear genome and 
contained YJM975 or Y12 mtDNA. Both strains had the same mating type to prevent any 
possibility of mating. Selection on solid media at high temperature enriched for the Y12 
mtDNA most effectively (Figure B.1). Selections on fermentable or nonfermentable 
177 
 
media at 30°C had minimal impact on the ratio of the mtDNAs. Selection in liquid culture 
enriched for strains with the Y12 mtDNA (67.7% Y12 mtDNA cells after enrichment) but 
was less effective than selection on solid media (95.6%). Therefore selection on solid 
media was used in the bulk segregant experiment. Selection on solid media may be 
more effective because all competition is occurring at local spatial scales while in liquid 
media resources are well mixed and thus all cells are competing for the same common 
pool of nutrients. 
Generating Mitochondrial Recombinants and Preparing Segregant Pools 
 To generate a pool of recombinants to disrupt linkage between the Y12 alleles I 
mixed strains of opposite mating types bearing the Y12 or YJM975 mtDNA in an isogenic 
YJM975 nuclear background (see Figure B.2 for outline of strategy and Table B.2 for 
strain descriptions). The initial pool containing the mix of parental haploids was split 
into four replicate pools. The ratio of each parental strain in each pool was assessed 
based on counting single colonies that grew on media that differentiated between the 
auxotrophic markers of the parental strains. Each pool had roughly equal proportions of 
each parental mtDNA, though some replicates had a low initial frequency (Table B.3). 
After mating the number diploids in each pool was assessed by counting the number of 
colonies that showed complementation for the parental haploid auxotrophic markers in 
order to determine the mating efficiency. Roughly half the cells in each pool were 
diploid (Table B.3). By growing this mated mixture on media selecting for diploids (SD 
media) for 2 days, the percentage of diploid cells increased to <99%. The post diploid-
enrichment pools (DE) contained varying proportions (36.7 to 60%) of cells containing 
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Y12 causative alleles, as determined by large colony sizes on nonfermentable media at 
high temperature. After selection on YPEG media at 37°C for 2 days over 90% of the cells 
in all replicates showed the large colony phenotype.  
Library Preparation, Sequencing, and Coverage 
The mtDNA was isolated from the pools following diploid enrichment (DE) or 
after selection (Sel). We obtained a large number of reads for both pools for each 
replicate, however, the overall number of reads was reduced in the Sel pools (Table 
B.4). The input DNA into each library preparation was normalized to 1 µg making 
differences in starting concentration unlikely to explain this observation. During library 
preparation the Sel pools received one less clean up step at the end of the library 
preparation protocol which may explain the reduced output. Regardless, all libraries 
produced sufficient reads to obtain high coverage on the mitochondrial genome. 
High coverage is necessary to accurately estimate allele frequencies from pools 
of cells with varying mitotypes. When aligned to the Y12 mtDNA the DE pools produced 
several thousand fold coverage (Table B.4). The Sel pools had lower coverage but still 
produced several hundred fold coverage on the mtDNA. All pools displayed high 
variance in coverage due to large spikes in coverage in particular genomic regions 
(Figure B.3). Higher coverage in these regions may be due to preferential amplification 
during the small number of PCR cycles conducted on the libraries prior to sequencing. 
Despite this variation the minimum coverage for all replicates and pools was still above 
20x and usable to obtain estimates of allele frequencies.  
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Comparing Allele Frequencies between Pools 
 For each replicate reads from the frequency of the Y12 allele was determined for 
all positions variable in the DE pool based on the alignments of the DE and the Sel pools 
to the Y12 mtDNA. To determine possible enrichment for Y12 alleles at putatively 
causative sites, I calculated the difference between the pools as the Y12 allele frequency 
in the Sel pool minus the frequency in the DE pool at each site (Figure B.4). The 
frequency in the DE pool should be near 0.5 due to mixing both parental mtDNAs at 
roughly equal frequencies and avoidance of selection up to this point that may favor 
alleles from one parent. The causative sites should be enriched in the Sel pool to have 
frequencies close to 1, whereas all positions not linked to these sites should have 
frequencies close to their frequency in the DE pool. Thus, the difference at a causative 
site should be close to 0.5, and the difference at an unrelated site should be close to 0. 
 I observe a general enrichment for all Y12 alleles in the Sel pool resulting in an 
average Y12 allele frequency of 0.24 across all sites and replicates (Table B.5). The 
enrichment for each replicate was similar, though variance fluctuated between the 
pools suggesting that some pools may have broken up linkage more efficiently. Some 
sites in replicate H, primarily intergenic indels, exceeded the maximum expectation of 
0.5 due to a low initial frequency in the DE pool followed by high enrichment in the Sel 
pool. 
 Overall, no sites showed a clearly favored enrichment above the background 
enrichment. The data obtained were insufficient to map putative causative sites. Some 
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sites showed average enrichment across replicates greater than 0.45, however, this 
enrichment occurred at multiple locations around the genome (Figure B.4). Given the 
high level of background enrichment, a conservative interpretation that these regions 
may have been enriched by chance is necessary. Low levels of recombination during 
mating could explain overall enrichment for Y12 alleles due to linkage not being 
disrupted adequately to provide any mapping resolution. 
Simulating the Required Degree of Recombination for Mapping 
The failure of the BSA experiment suggests there was insufficient recombination, 
but I had not yet established what degree of recombination was necessary to map a 
causative mtDNA allele for comparison. I constructed simulations of recombination and 
the subsequent steps of the BSA experiment to determine the necessary rate of  mtDNA 
recombination rate to achieve fine scale mapping resolution. I generated recombinant 
genomes in silico between the complete Y12 and YJM975 mtDNAs for three different 
rates of recombination to assess how recombination frequency affected mapping 
resolution. The only estimate for recombination in diploid pools from laboratory 
crosses, generated with methods similar to those described here, is 3 events per kbp, or 
approximately 255 events per yeast mtDNA (FRITSCH et al. 2014). I hypothesized that this 
degree of recombination would lead to single SNP mapping resolution and contrasted 
this rate with two much lower rates representing approximately 10 events or 2 events 
per yeast mtDNA. A single Y12 allele in the gene ATP6 was chosen to act as a simulated 
causative. Simulated recombinants underwent a simulated selection to generate two 
genome pools representing the DE (all simulated recombinants) and Sel (retaining only 
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genomes containing the simulated causative allele) pools in the real experiment. Each 
simulated pool was analyzed using the same pipeline as the real experiment to estimate 
allele frequency difference and determine if the known simulated causative site was 
identifiable. 
 At 3 events per kbp, a single peak was evident at the 1,000 bp window 
containing the causative site while all other sites remained near the expected value of 0 
(Figure B.5). The individual SNP that was simulated as the causative allele had highest 
allele frequency difference of the SNPs in this 1000 bp window and was enriched even 
over other SNPs only hundreds of bp away (Figure B.6). The precision of the peak on the 
causative allele resulted in the lower 0.1 average of the 1000 bp window, relative to the 
expectation of 0.5, due to the values close to 0 of other SNPs in the window. 3 events 
per kbp provided sufficient mapping resolution to identify the causative site at the level 
of a single SNP. 
 At 10 events per genome, a broad peak was centered on the 1,000 bp window 
containing the causative site (Figure B.5). All individual SNPs within this peak showed 
similar levels of enrichment precluding the identification of a single causative 
SNP(Figure B.6). The mapping resolution at this level of recombination is on the order of 
300 bp though it would vary depending on SNP density around the causative site. 
 At 2 events per genome, no single peak was evident (Figure B.5). Overall 
enrichment for Y12 alleles was extremely high in this simulation (0.39) indicative of 
most recombinants in the Sel pool containing near complete Y12 mtDNAs. The 
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enrichment here is roughly double that observed in the experimental data, though this 
could be due to cells with parental YJM975 mtDNA that remained after selection in the 
experiment. The causative site did show the greatest allele frequency difference in this 
simulation and created a small peak within its 1000 bp window, but other windows at 
distant regions of the genome showed similar patterns and levels of enrichment (Figure 
B.6). At this level of recombination there is effectively no mapping resolution. 
Estimating Recombination Rate in Real and Simulated Data 
 The experimental data are consistent with 2 events or less per genome, which is 
much lower than the previously published estimate despite using a similar 
methodology. To compare global mtDNA recombination rates between this experiment 
and those estimated by Fritsch et al. (2014), I used a similar analysis pipeline to prepare 
input data and the exact same script to estimate the global recombination rate 
(provided directly by Emilie Fritsch). Surprisingly, the experimental data from this study 
showed recombination rates of 2.86 to 3.07 events per kb (Table B.6), that are 
inconsistent with the levels of recombination suggested from the simulations but similar 
to the prior estimates from Fritsch et al. 
 To test the accuracy of the recombination detection script I determined the 
global recombination rate in the simulated data the data, which has a precisely known 
predetermined recombination rate based on the input value when simulating 
recombination. The analysis pipeline should theoretically return the exact same rate 
that was used during simulation of recombination. In all cases, the recombination 
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estimation script returned similar values of ~3 events per kbp for all input rates resulting 
in rates higher than the simulated value in all cases (Table B.7). At high levels of 
simulated recombination the estimated rate was minimally increased, however, as the 
simulated input rate decreased the severity of overestimation rapidly increased. The 
detected rate of recombination for the 2 events per genome simulated was over 88 
times greater than the actual simulated rate. These results suggest a critical flaw in the 
recombination detection script. More work is necessary to determine global 
recombination rates in experimental crosses of S. cerevisiae mtDNAs. 
B.3 Conclusions 
 I attempted to map the causative locus underlying high growth on 
nonfermentable media in the Y12 mtDNA but was ultimately unsuccessful. By 
comparing the observed data to simulations of this experiment I determined that actual 
level of recombination in this cross was likely somewhere on the order of 2 events per 
genome or less. Prior estimates of recombination are unrealistically high and likely 
caused by flaws in the methodology. 
Mapping was not achieved in this experiment, but could potentially be achieved 
in the future if recombination could be increased experimentally. The allele frequency 
differences in the experimental data are consistent with a level of recombination of 
approximately 2 events per genome or possibly less. It should be possible to map 
causative mtDNA alleles if at least 10 mtDNA recombination events per genome can be 
achieved in an experiment. Multiple rounds of mating or backcrossing repeatedly to a 
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strain bearing the YJM975 parental mtDNA could be used increase the level of 
recombination. 
More recombination is likely needed in a real experiment than the input rate to 
the simulations to achieve the mapping resolution of the simulations. When 
recombination was simulated all genomes were recombinant. In reality many mtDNAs 
are likely parental as recombination requires that the initial diploid derived from the 
zygote contain both mtDNAs, recombination must occur, and then the recombinant 
mtDNA must go to fixation during segregation of different haplotypes during mitotic cell 
divisions. Selection was also weaker in the real experiment; 90% of cells in Sel pool had 
a high growth phenotype whereas as the simulated Sel pools only contained genomes 
with the causative allele. In Chapter 3 I found recombinant with intermediate 
phenotypes (Figure 3.5A) consistent with one additional minor effect locus contributing 
to this phenotype which may reduce the ability to detect causative alleles relative to the 
simulations. Strong selection for compatible mito-mito allele pairs could also reduce the 
frequency of recombinant mtDNAs and thus lower mapping resolution. 
B.4 Methods 
SNP Identification between Y12 and YJM975 
 The complete Y12 and YJM975 mtDNAs were aligned using clustal omega, and 
individual SNPs were identified using custom python scripts. Multiple SNPs that were 
contiguous, such as an indel spanning several basepairs, were treated as single SNPs. 
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SNPs in coding regions were determined based on individual alignments of the coding 
sequence of each gene. 
Determining the Optimal Selection Regime for BSA 
 Haploid cells of the same mating type that can’t form diploids, carrying Y12 
(15a1 ρ26) or YJM975 (15a1) mtDNA were grown overnight in YPD, then mixed at 
approximately equal frequency in sterile water (see Table B.2 for strain details). An 
aliquot of the preselection mixture was diluted and plated for single colonies onto 
nonfermentable media (YPEG) and grown at 37°C. Cells carrying the Y12 mtDNA form 
large colonies relative to those with the YJM975 mtDNA. The remainder of the 
preselection mixture was then used to generate several cultures in liquid media or on 
solid media. Liquid cultures were inoculated as 5 mL of media in roller tubes grown for 1 
day in YPD media or 2 days in YPEG media. Solid media cultures were generated by 
plating a lawn of cells directly onto the media and spreading using sterile glass beads. 
After growth for 1 (YPD) or 2 days (YPEG) the cultures were retrieved by repeatedly 
spraying sterile water over the culture and retrieving the cell suspension using a 
micropipettor. For both solid and liquid selections the percentage of cells carrying Y12 
mtDNA was determined in the same fashion as described for the preselection mixture. 
Preparing the Bulk Segregant Pools 
 The experimental procedure described here was repeated in four independent 
concurrent replicates labeled G, H, I, and J and is outlined in Figure B.2. Cells with 
isogenic YJM975 nuclear genomes and Y12 (MATa, JW15a1 ρ26) or YJM975 mtDNA 
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(MATα, ML15x1UA) were prepared from overnight cultures in YPD and mixed in sterile 
water (see Table B.2 for strain details). The parental haploids contained complementary 
auxotrophic markers: ura3 for the Y12 mtDNA parent and arg8 for the YJM975 mtDNA 
parent (see Table B.2). Mating results in a prototrophic diploid capable of growing on 
media without supplements (SD). The proportion of each haploid parent in the initial 
mixtures was determined by taking an aliquot, conducting a serial dilution, and plating 
for single colonies on YPD media. Each parent was identified based on its auxotrophic 
marker on complete synthetic media lacking that supplement (CSM-Uracil or CSM-
Arginine). 
 The initial mixture was used to plate a lawn of cells on SD media for diploid 
enrichment (DE). After 2 days of enrichment, the cells were retrieved by flooding the 
lawn of cells with sterile water and retrieving the cell suspension using a micropipettor. 
An aliquot of this culture was used to make a serial dilution and plated for single 
colonies on YPD. Single colonies were replicated to SD media to determine the 
percentage of diploid cells in the culture. Thirty diploid colonies were chosen randomly 
and streaked for single colonies on YPEG media and grown at 37°C to determine the 
percentage of colonies with the large colony phenotype indicative of the causative Y12 
allele. A portion of the diploid enrichment culture was used to plate a lawn of cells on 
YPEG media and grown at 37°C to create the selection (Sel) culture. The remainder was 
used for preparing mtDNA for sequencing. 
 The Sel culture was retrieved from the YPEG plates using the same method as for 
the DE cultures. A portion of the culture was used to create a serial dilution and plated 
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for single colonies on YPD media. Thirty random colonies from the YPD plates were 
chosen and streaked for single colonies on YPEG media and grown at 37°C to determine 
the proportion of cells with the large colony phenotype in the culture. The remainder of 
the Sel culture was used for preparing mtDNA for sequencing 
Mitochondrial DNA preparation 
 Purified mitochondrial DNA was generated using the protocol described in 
Chapter 2 (WOLTERS et al. 2015), modified for the volumes retrieved from the solid 
plates. Briefly, intact mitochondria are isolated from broken cells using differential 
centrifugation. DNA outside of intact mitochondria was degraded using a DNase 
treatment. Mitochondria were then lysed and mtDNA was purified via phenol 
chloroform extraction and ethanol precipitation. 
Library Preparation and Sequencing 
 Fragments for library preparation were created via sonication using a 
SHARPERTEK S50-0.7L STAMINA XP Pro in an ice bath with eighteen cycles of alternating 
30 seconds sonication followed by 1 minute off. Mitochondrial DNA libraries were 
prepared using the Illumina TruSeq PCR-free library preparation kits (low throughput 
version product number 20015962). PCR free libraries were generated to avoid PCR bias 
against the AT rich yeast mtDNA. Sequencing was conducted at the Cornell Sequencing 
Core Facility on an Illumina MiSeq to generate 2x250 bp paired end reads. Due to low 





Determining Allele Frequencies 
 The reads from reach pool were aligned to the Y12 parental mtDNA using the 
bwa-mem command in the bwa alignment tool. Indels were realigned using GATK. 
Reads with multiple alignments, discordant alignments, or low quality alignments 
(MAPQ <20) were filtered out using a combination of samtools, picard, and GATK. 
Coverage was determined from read counts using GATK. The allele frequencies at each 
locus were calculated by generated an mpileup using samtools and parsing the data 
using the mpileup2sync tool in popoolation2.  
 The sync file was analyzed using R scripts. The allele frequencies were filtered to 
retain only variable sites, which were defined as those in the pre-selection DE pool at 
which the major allele had a frequency less than 98% and the minor allele with the 
lowest count had a frequency greater than 2%. The sites determined in this way 
generally had a frequency of the Y12 allele in the range of 40 to 60%. For each variable 
site the allele frequency difference was calculated by subtracting the frequency of the 
Y12 allele in the DE pools from the frequency in the post-selection (Sel) pools (Sel – DE). 
Simulating Recombination followed by Bulk Segregant Analysis 
 The experiment was simulated using rates of recombination: 0.003, 0.000125, 
0.000025 events per base pair representing approximately 3 events per kbp (255 per 
mtDNA), 10 events per mtDNA, or 2 events per mtDNA, respectively. Recombinants 
between the Y12 and YJM975 mtDNAs were simulated by taking the input 
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recombination rate per base pair and multiplying it by the size of the alignment 
between the two genomes to determine the number of recombination events per 
genome. For each simulation, 5000 recombinants were generated with recombination 
events randomly distributed in the alignment. The sequence of the recombinant 
switched between each haplotype at each event. 
The full pool of simulated recombinants represented the pre-selection (DE) pool. 
The selected pool was generated by choosing a single arbitrary SNP in the gene ATP6 as 
the causative allele (C in Y12 at position 29218, T in YJM975 at position 23508). Only 
simulated recombinants containing the causative allele were included in the Sel pool. As 
a result, the Sel pool is approximately half as large as the DE pool depending on the 
random distribution of recombination events. 
Sequencing reads for each pool were simulated from the recombinant genomes 
using the wgsim tool in samtools. Simulated reads contained no simulated sequencing 
errors. Four hundred 2x200 bp paired end reads were simulated for each recombinant 
resulting in a total of 2 million reads per simulation for an expected approximate 9500x 
coverage in the DE pool and 4250x coverage in the Sel pool. The allele frequency 
difference between the pre- and post-selection pools were calculated as described for 
the experimental data. 
Estimating Recombination Rate 
 The global recombination rate was estimated as described previously in the 
source of the analysis pipeline (FRITSCH et al. 2014). Briefly, reads were mapped to the 
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S288C reference mtDNA. I used bwa-mem for alignment. Sequencing reads from 
parental genomes were mapped to the same reference to identify SNP positions. I 
lacked experimental sequencing reads for the parental mtDNAs and instead used 
simulated reads from the complete mtDNAs generated as described above in the 
experiment simulation. 
 The alignments of reads from the DE pool are checked to identify reads that span 
at least two SNPs. All pairs of consecutive SNPs in the read constitute a probe. A 
recombination event was recorded when the SNPs (first and last bases) in the probe 
match opposite parental mtDNAs. The global recombination rate was calculated as the 
total number of events detected divided by the sum of the lengths of each probe. 
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Figure B.1 Competition Experiment 
 
Figure B.1 Competition Experiment 
The proportion of large (Y12 mtDNA, indicated in red) vs. small (YJM975 mtDNA, 




Figure B.2 BSA Experiment Outline 
 
Figure B.2 BSA Experiment Outline 
Cells containing the Y12 or YJM975 mtDNA were pooled in sterile water and plated on 
YPD for mating. After mating cells were retrieved in sterile water and plated on SD to 
enrich diploids due to complementation of auxotrophic markers in the parental 
haploids. After enrichment cells were retrieved in sterile water and plated on YPEG 
media and grown at high temperature to select for cells with causative alleles. Cells 









Figure B.3 continued 
 
Figure B.3 Coverage for bulk segregant pools 
Sequencing reads for all pools and replicates were aligned to the Y12 mtDNA and 
coverage is graphed. Vertical bars indicate the average coverage in 1000 bp windows. A 




Figure B.4 Average allele frequency differences for experimental data 
 
Figure B.4 Average allele frequency differences for experimental data 
The average allele frequency difference in 1000 bp windows for the real experiment is 
graphed according to position in the Y12 mtDNA A) The allele frequency differences 
were calculate at each variable site and graphed individually for each replicate. B) The 
average difference for each window for all four replicates is indicated.  
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Figure B.5 Average allele frequency differences for simulated data 
The average allele frequency differences in 1000 bp windows for the simulated 
experiment are graphed according to position in the Y12 mtDNA. Vertical black bars 
indicate the location of the simulated causative site. Data is shown for the simulation of 
A) 3 events per kb or approximately 255 events per genome, B) 10 events per genome, 
or C) 2 events per genome.  
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Figure B.6 Allele frequencies of individual SNPs in causative window. 
The difference in the Y12 allele frequency for the DE and Sel pools for individual 
SNPs is indicated in the window containing the causative site for the simulations of A) 3 
events per kb, or approximately 255 events per genome, B) 10 events per genome, or C) 
2 events per genome. D) Allele frequency differences for the 2 events per genome 
simulation in the window containing the second most enriched sites, which are similar in 
frequency to those in the causative window despite being at a distant location.  
B.7 Tables 
Table B.1 Polymorphisms between Y12 and YJM975 mtDNAs 
Location Total SNPs Amino Acid Changes 
Whole genome 2001 
 
All genes 207 
 
CDS 62 18 
ATP6 5 2 
ATP8 1 0 
ATP9 1 0 
COB 8 2 
COX1 10 4 
COX2 15 0 
COX3 3 0 




Table B.2 Strain Descriptions 




mtDNA Genotype Use 
JW014 
15a1 






























Table B.3 Summary of BSA Experiments 



























G 27 40.7% 223 44.8% >200 >99% 30 36.7% 30 90.0% 
H 26 34.6% 124 41.1% >200 >99% 30 46.7% 30 90.0% 
I 77 9.1% 148 44.6% >200 >99% 30 60.0% 30 93.3% 
J 45 25.0% 127 43.3% >200 >99% 30 53.3% 30 93.3% 
n indicates the # of colonies tested in each analysis. 
Table B.4 Coverage Summaries 





G DE 4454.8158 13927030 3126.286367 22498 313 
Sel 1962.8923 5751175 2929.949261 18531 83 
H DE 11695.826 75094937 6420.661369 44204 335 
Sel 381.38691 87201.96 228.6443485 1908 26 
I DE 7673.7297 27527504 3587.239168 25122 218 
Sel 1808.3593 1772580 980.214334 6856 48 
J DE 9499.012 36176484 3808.446998 28314 434 
Sel 1808.625 3642156 2013.770879 10862 29 
* Normalized variance was calculated as Variance / Mean Coverage. 
Table B.5 Y12 Allele Frequency Differences 
Replicate Average Variance 
G 0.241 0.00862 
H 0.259 0.02339 
I 0.241 0.00533 




Table B.6 Recombination estimates from pre-selection pools from experiments 
Cross Global 
Recombination 







* Average of 3 replicates (FRITSCH et al. 2014). 
Table B.7 Recombination estimates from simulated pre-selection pools 
Simulation Observed Rate Input Rate  Overestimate  
3 per kb 3.46 3 1.15 
10 events per genome 2.19 0.125 17.52 
2 events per genome 2.21 0.025 88.39 
Overestimate = Observed Rate / Input Rate  
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Chapter 7 Appendix C: Attempt at Functional Mitochondrial Variants 
using Petite Mutants 
C.1 Background 
In the YJM975 nuclear background, strains bearing the Y12 mitotype outcompete 
strains bearing the coadapted mitotype on nonfermentable media at high temperature 
(Chapter 3, Figure 3.1 and Figure 3.4). The molecular basis underlying this growth 
advantage is currently unknown. In Appendix B, I attempted to map the underlying 
functional mtDNA variant but was unsuccessful. In this appendix, I pursued other 
mapping strategies to determine the genetic basis of the high temperature non 
fermentable growth advantage conferred by the Y12 mtDNA. 
S. cerevisiae can spontaneously undergo deletions in the mitochondrial genome 
resulting in a strain that maintains a partial genome that cannot support mitochondrial 
protein synthesis and thus cannot undergo respiration, commonly referred to as a 
cytoplasmic petite mutant (NAGAI et al. 1961; BERNARDI 2005). Petite mutants can be 
readily generated in the laboratory by treatment with low levels of ethidium bromide 
(FOX et al. 1991; FERGUSON and VON BORSTEL 1992). Such mutants have been used in many 
studies for genetic mapping of resistance markers localized in the mtDNA or 
mitochondrial genes (see FAYE et al. 1976; FUKUHARA et al. 1976; MICHAELIS and PRATJE 
1977; MORIMOTO et al. 1978 for examples). If the mtDNA of a petite strain carries the 
functional variant in the Y12 mitotype that improves growth then it should be able to 
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confer this phenotype to a diploid strain during mating due to mitochondrial 
recombination.  
In this study, I developed a protocol for collecting large numbers of petite strains 
carrying portions of the Y12 mitotype. I identified candidate petites that contained the 
locus of interest by their ability to confer a high growth phenotype in diploids. I 
narrowed down the region of the genome containing the causative locus by mating the 
candidate petites to tester strains carrying mitochondrial mutations that cause a loss of 
respiration despite the mtDNA being essentially intact. A candidate locus could not be 
identified, however, several large regions of the mitochondrial genome were eliminated 
from further consideration. 
C.2 Results 
 Ethidium bromide (EtBr) can rapidly cause partial or complete mtDNA loss in S. 
cerevisiae and is commonly utilized to create strains lacking mtDNA. To create a 
collection of petite strains useful for mapping it was necessary to identify an EtBr 
incubation time that caused large mtDNA deletions but not complete mtDNA loss. I 
tested EtBr incubation for 30 minutes, 1, 2.5, and 8 hours and counted the number of 
colonies that could still respire vs those that could not. At least 300 colonies were 
counted for each incubation time. I found that 2.5 hours of EtBr treatment generated 
more than 99% petite colonies but some grandes still appeared suggesting that 
complete mtDNA loss had not yet occurred. Earlier time points generated low 
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frequencies of petites (19.3% at 30 minutes, 61.4% at 1 hr) while later time points 
generated only petites. 
 The resolution of mapping when using petites is determined by the size of 
subgenomic mtDNA molecules remaining after EtBr treatment. Thus, it was important to 
determine a treatment time that generated the smallest partial mtDNAs containing a 
causative locus or loci. I tested three time points to determine which generated petite 
strains most suitable for mapping. I crossed petites from the 1 hr, 2.5 hr, and 8 hr time 
points to determine if they could pass on high temperature growth when crossed to a 
strain bearing the small colony generating YJM975 mitotype. The ten highest growth 
candidates from each time point were then further verified by testing single colony 
growth phenotypes. All ten candidates from the 1 hr time point were positive for the 
high growth phenotype suggesting that petites from this time point contain near 
complete Y12 mtDNA. None of the candidates from 8 hrs showed large colonies 
suggesting that the EtBr treatment resulted in total or near total mtDNA deletion. At 2.5 
hrs, 6 out of 10 candidates showed large colonies suggesting that EtBr treatment for this 
incubation time resulted in partial deletions across the mtDNAs but not total mtDNA 
depletion. The 2.5 hr treatment was then used to generate 378 additional candidates. 
 Of the 390 additional candidates, a total of 48 candidates contained mtDNA 
alleles that complemented the low growth phenotype conferred by the YJM975 mtDNA 
on nonfermentable media at 37°C. Candidate 11 proved to have functional respiration 
reducing the total number of candidates to 47. Due to choosing candidates based on 
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qualitative assessments of growth, it is likely that additional candidates were missed 
during testing. 
 To determine which loci were present or absent in the partial mtDNAs from the 
candidate petite strains, complementation analysis were performed. Each petite strain 
was mated with tester strains harboring known mutants in the mtDNA (COX1, 2, 3, and 
COB, Table B.2), and resulting diploids were tested for growth on nonfermentable 
media. Diploids that could support respiratory growth must carry a functional copy of 
the mutant gene in the tester strain. Failure to grow indicated that the mtDNA from the 
petite candidate contained a deletion for the locus missing in the tester strain. 
 The genes COX2 and COX3 are 4.7 kb apart in the S. cerevisiae reference mtDNA 
and thus may be expected to be commonly found together in petite candidates due to 
linkage (FOURY et al. 1998). Fourteen candidates could complement mit- mutations in 
COX2 or COX3. Of these,  six complement both, while four only complemented COX2 
and four only complemented COX3 (Table C.2). The high number of candidates 
containing only one of these genes suggests that many partial mtDNA formation events 
occurred in between these loci. If a petite strain can carry COX2 but not COX3 in its 
mtDNA then it is equally possible for a candidate strain to carry a causative variant 
within 5 kb of one of the tested genes but not carry that gene. Regions in the vicinity of 
the tested genes should not be excluded from further consideration based on the 
results shown here. 
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 None of the 47 petite candidates could complement the cox1Δ in strain M10-
150. It is somewhat surprising that none of the mtDNAs from the petite strains 
contained a functional COX1 allele. It is possible that the causative locus is located far 
from COX1, such that is impossible for a candidate to contain both the causative and 
COX1 loci. IT is also possible that the complex intron structure of COX1 interferes with 
the mitochondrial recombination necessary for this complementation analysis. 
Alternative, there may be a bias in the creation of petite mtDNAs such that COX1 is lost 
at a greater frequency than expected. It is also possible that diploids did not form in this 
cross, resulting in the non-complementation being uninformative. A different tester 
strain bearing a COX1 mutation and suitable auxotrophic markers that are 
complementary to the strain from which the petites were generated could test this 
hypothesis. 
 In sum, 26 petite candidates that were able to confer a high growth phenotype, 
and thus contained a causative locus, were unable to complement COX2, COX3, and COB 
mutations. These candidates likely bear the smallest partial mtDNAs, and would be good 
candidates for further study to narrow down the causative locus. 
C.3 Conclusions 
 No candidate gene was identified from this study, however, several genes were 
effectively eliminated as possible candidates. The work presented here provides a 
robust framework for high throughput generation of petites and testing for 
complementation with mit- tester strains. Access to additional mit- tester strains can 
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greatly expand the capacity of this work to test different mtDNA genes. Strains with 
mutations in genes that do not encode proteins, such as the 15S and 21S rRNA, should 
be included in future assessments. 
 Mapping using petite strains suffers from several limitations. The content of the 
petite mtDNAs is unknown and difficult to characterize. Their content can be 
characterized by isolated their mtDNA and then hybridizing the mtDNA with labeled 
mtDNA probes of known sequence or sequencing. However, both of these methods may 
not be successful if the genetic architecture underlying this trait is more complex than 
anticipated. Further work if needed to clarify whether mito-mito epistasis or many loci 
with small effects underlie this phenotype. 
C.4 Methods 
Petite candidates were generated from a strain which bears the Y12 mitotype in 
a YJM975 nuclear background (15a1 ρ26, see Table C.1) using an ethidium bromide 
treatment (FOX et al. 1991). The frequency of petites generated by treatment at several 
different time points was tested. All incubations were done at 30°C unless otherwise 
noted. Briefly, 100 uL of a saturated overnight culture grown in 5 mL liquid YPD media 
was used to inoculate 5 mL of fresh YPD media and grown for 1 hour. The ethidium 
bromide was added to the actively growing yeast culture to a final concentration of 
0.125 mg/mL and aliquots of the culture were removed at 30 minutes, 1 hr, 2.5 hrs, 4 
hrs, 8 hrs, and at 24 hrs.  
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 The frequency of petites was assessed by serial diluting the aliquot of the culture 
and plating for single colonies on nonfermentable media supplemented with a small 
amount of fermentable sugar (YPDG), which allows petites to grow at small sizes relative 
to colonies that can respire. The number of petites relative to respiring cells (grandes) 
was counted for each time point. Based on these results all subsequent ethidium 
bromide treatments were done for 2.5 hrs. 
Petite candidates containing the causative locus were identified via 
complementation. Each candidate was mated to strain 15a1 which containing the low 
growth YJM975 mtDNA (Table C.1). Matings were conducted on solid YPD media in 96 
spot arrays using the S&P Robotics BM3-BC pinning robot (see Table 3.S3 for media 
definitions). After 2 days of growth, all matings were replicated to YPD media to mate 
for a second round to increase the proportion of diploids. The matings were then 
replicated to a fermentable media that selected for diploids (SD) in a 384 spot array. The 
384 spot array was constructed such that the matings for each candidate petite were 
grouped as a 2 x 2 spot block. After 2 days of growth, the diploid enrichments were 
replicated to SD media for a second round of diploid enrichment. The diploids were then 
replicated to nonfermentable media (YPEG) and grown at 37°C for seven days to assess 
whether the diploid had a high or low growth phenotype. As controls diploids containing 
isogenic YJM975 nuclear genomes and the Y12 or YJM975 mtDNAs were grown on a 
separate array. Positive candidates were identified qualitatively based on visual 
inspection of colony sizes. 
210 
 
 Each spot should contain a mixture of diploids that contain different patterns of 
recombinant mtDNA, parental ρ+, or parental ρ- mtDNA. The positive candidates were 
revived onto YPD media and then streaked for single colonies on YPEG media and grown 
at 37°C. Successful candidates resulted in crosses that produced a mix of large and small 
colonies. Candidates that only produced small colonies after crossing likely lacked the 
causative locus and were excluded from further consideration. 
 To identify whether causative variants occurred in specific genes a 
complementation analysis was performed. The successful candidates were crossed to 
mit- strains bearing known mutations in respiratory genes (COX1, 2, 3, or COB, see Table 
C.1). Matings were conducted on YPD media for two days and no selection for diploids 
was conducted due to a lack of suitable markers in the mit- strains. To test whether 
complementation for respiration occurred during mating the crosses were replicated to 
a YPEG media. Complementation would indicate that the candidate contains the gene in 





Table C.1 Strain Table 






Contains high growth Y12 
mtDNA 
ρ+ 




Tester for Crosses to 
Identify Candidates, 
contains low fitness 
YJM975 mtDNA 
ρ+ 
YJM975 nuclear, YJM975 mtDNA, 
MATα, hoΔ::hygMX, ura3Δ::KANMX, 
arg8Δ::URA3 
JW1960 
Y12 ρ- Tr+ 1 through 48 
Candidates containing 
causative mtDNA allele 
ρ- 
YJM975 nuclear, Y12 ρ- mtDNA, 
MATa, hoΔ::hygMX, ura3Δ::KANMX 
JW1966 
M10-150 
Mit- tester ρ+, cox1Δ 




Mit- tester ρ+, cox2-62 MATα, ura3-52, ade2-101,trp1Δ 
JW1964 
NB63 
Mit- tester ρ+,cox2-107 















Table C.2 Summary of Mit- Tester Crosses 
Cross to EHW460 NB63 HLF4-96 M1322 M10-150 
Gene tested COX3 COX2 COX2 COB COX1 
Strain 
     
Y12 ρ- Tr+ 1 x x x x x 
Y12 ρ- Tr+ 2 G G G w x 
Y12 ρ- Tr+ 3 x x x x x 
Y12 ρ- Tr+ 4 x G G x x 
Y12 ρ- Tr+ 5 x x x G x 
Y12 ρ- Tr+ 6 G G G x x 
Y12 ρ- Tr+ 7 x x x x x 
Y12 ρ- Tr+ 8 x x x x x 
Y12 ρ- Tr+ 9 x x x x x 
Y12 ρ- Tr+ 10 x x x x x 
Y12 ρ- Tr+ 11 This strain is not petite and can respire. 
Y12 ρ- Tr+ 12 x x x x x 
Y12 ρ- Tr+ 13 G x x x x 
Y12 ρ- Tr+ 14 x x x x x 
Y12 ρ- Tr+ 15 x w w x x 
Y12 ρ- Tr+ 16 x x x x x 
Y12 ρ- Tr+ 17 x x x x x 
Y12 ρ- Tr+ 18 x x x x x 
Y12 ρ- Tr+ 19 x x x x x 
Y12 ρ- Tr+ 20 G x x G x 
Y12 ρ- Tr+ 21 G G G x x 
Y12 ρ- Tr+ 22 G G G G x 
Y12 ρ- Tr+ 23 G G G x x 
Y12 ρ- Tr+ 24 x x x x x 
Y12 ρ- Tr+ 25 x x x x x 
Y12 ρ- Tr+ 26 x x x x x 
Y12 ρ- Tr+ 27 x x x x x 
Y12 ρ- Tr+ 28 G x x x x 
Y12 ρ- Tr+ 29 x x x x x 
Y12 ρ- Tr+ 30 x x x x x 
Y12 ρ- Tr+ 31 x x x x x 
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Y12 ρ- Tr+ 32 x x x x x 
Y12 ρ- Tr+ 33 x x x x x 
Y12 ρ- Tr+ 34 x x x G x 
Y12 ρ- Tr+ 35 x x x x x 
Y12 ρ- Tr+ 36 x x x x x 
Y12 ρ- Tr+ 37 x x x x x 
Y12 ρ- Tr+ 38 x x x G x 
Y12 ρ- Tr+ 39 x x vw x x 
Y12 ρ- Tr+ 40 x x x x x 
Y12 ρ- Tr+ 41 x vw G x x 
Y12 ρ- Tr+ 42 x G G G x 
Y12 ρ- Tr+ 43 x x x x x 
Y12 ρ- Tr+ 44 G G G x x 
Y12 ρ- Tr+ 45 G x x x x 
Y12 ρ- Tr+ 46 G x x x x 
Y12 ρ- Tr+ 47 x x x x x 
Y12 ρ- Tr+ 48 x x x x x 
G indicates growth on nonfermentable media, w indicates weak growth, and vw 
indicates very weak growth, whereas x indicates no growth. 
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Chapter 8 Appendix D: Mating Between Divergent Subpopulations 
Induces Loss of Mitochondrial Respiration 
D.1 Background 
 In Chapter 3, I showed evidence for mito-mito epistasis as shown by reduced 
fitness of strains bearing recombinant mtDNA (Figure 3.5B). The analyses presented 
there obscured an interesting observation: crosses between the Y55 mtDNA and the 
YJM975 mtDNA produced a large number of strains that could not respire (Chapter 3 
Supplemental Table S3.11). These strains were excluded from analysis of growth rates 
due uncertainty as to the cause of the respiratory deficiency. The loss of respiration in 
these strains could be a signature of mitochondrial incompatibility that was missed. 
Loss of respiration in S. cerevisiae can be due to a novel nuclear mutation in a 
gene essential for respiration, a single novel mutation in a mitochondrial gene essential 
for respiration, or large deletions in the mtDNA. S. cerevisiae can spontaneously 
undergo deletions in the mitochondrial genome that result in cytoplasmic petite 
mutants (ρ-) that cannot respire (NAGAI et al. 1961; BERNARDI 2005). Point mutations in 
respiratory genes are unlikely to explain the loss of respiration in crosses involving a 
specific mtDNA as this would require an assumption that mutation rates are heavily 
modified by mitotype. However, differences in the rate of formation of petite mutants 
caused by different mitotypes could explain this phenomenon. Strains bearing the Y55 
mtDNA spontaneously form petites at higher frequencies than other mtDNAs isolated 
from natural populations (Tuc Nguyen and Heather Fiumera, unpublished results). It is 
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unclear how petite formation may be affected by the introduction of Y55 mtDNA and a 
divergent mtDNA into the same cell. 
In strains bearing recombinant mtDNA a loss of respiration could also be due to 
mito-mito interactions. Divergent populations may contain coadapted mito-mito allele 
pairs in mtDNA genes that interact. If strains from such populations were crossed it is 
conceivable that disrupting coadapted allele pairs through recombination could 
generate an mtDNA that cannot support respiration. The poor fitness of mtDNA 
recombinants observed in Chapter 3 suggests that incompatibilities between 
populations exist but it is not clear whether individual polymorphisms can be so strongly 
incompatible so as to cause a complete loss of respiration. 
Incompatibilities could also manifest through the induction of petite mutations. 
The mechanism driving formation of petite mtDNAs has not been definitively proven but 
it is suspected that ectopic recombination between repeat elements results in the 
formation of subgenomic mtDNAs (SPÍREK et al. 2002). Structural variation between 
divergent mtDNAs may increase the frequency of aberrant recombination events. A 
diploid that cannot respire cannot undergo meiosis and is thus an evolutionary dead end 
(ZHAO et al. 2018). An increase in the formation of petites during hybridization is thus a 
form of hybrid incompatibility. 
I sought determine if mating strains from divergent subpopulations affected the 
formation of strains that cannot support respiration. I crossed strains from divergent 
subpopulations with a controlled nuclear background and determined the frequency of 
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diploids that could not respire. If a high frequency of non-respiring diploids is caused by 
the properties of a single mtDNA in a cross than self crosses should produce similar 
numbers as crosses between divergent mtDNAs. If an increase in the number of non-
respiring diploids is due to a form of mito-mito incompatibility between populations 
then crosses between divergent mtDNAs should produce a higher number than self 
crosses. I found clear evidence that the increase in frequency of non-respiring diploids is 
likely due to mito-mito incompatibilities. 
D.2 Results 
To test the impacts of mating between divergent haplotypes on formation of 
non-respiring diploids, I conducted 9 crosses between strains carrying the Y55, YJM975, 
or YPS606 (North American) mitotypes, all in a controlled YJM975 nuclear background. 
As controls, strains bearing each mitotype were also crossed to strains bearing identical 
mtDNAs (self crosses) or strains bearing no mtDNA (ρ0 crosses).  
 Crosses between divergent populations increased the frequency of non-respiring 
diploids in all cases. In self crosses, the YJM975 and YPS606 mitotypes produced no 
petites, suggesting that the formation of non-respiring diploids is not an inherent error 
resulting from mating but instead by the introduction of divergent mtDNAs into the 
same cell. When these two mitotypes were crossed together the frequency increased 
from 0% to 0.57% (Figure D.1, averages of three biological replicates). The Y55 mitotype 
self cross produced a higher frequency than the other self crosses (1.07%) which may be 
related to the high frequency of spontaneous petite formation in haploids bearing this 
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mitotype (unpublished communication, Tuc Nguyen). Crosses between the Y55 
haplotype and either YJM975 or YPS606 caused the petite frequency to drastically 
increase (7.87% and 5.64% respectively). The crosses for all three mtDNAs to a ρ0 strain 
devoid of mtDNA were lower than the rate in divergent crosses, suggesting that the 
elevated rate of non-respiring diploids is not due to the depletion of mtDNA in one 
parent prior to mating due to spontaneous petite formation. 
D.3 Conclusions 
 These results suggest that the higher frequency of non-respiring diploids 
between populations is consistent with mito-mito incompatibilities. During matings 
between divergent populations any non-respiring diploids that form have a reduced 
growth rate and cannot contribute to further generations due to their inability to 
undergo meiosis. Given that nearly 8% of all diploids produced in the Y55 x YJM975 
cross could not respire it is reasonable to consider this phenomenon a significant 
contributor to poor hybrid fitness. The Y55, YPS606, and YJM975 mtDNAs are all roughly 
equally divergent from each other in coding sequences (Figure 2.1) suggesting that 
genetic distance is not a good predictor of why the Y55 mtDNA resulted in a higher 
frequency of non-respiring diploids. Formation of non-respiring diploids, in addition to 
nuclear, mitonuclear, and other mito-mito incompatibilities, could contribute to 
speciation between divergent yeast populations. 
 The mechanism underlying the formation of these non-respiring diploids has not 
been established. Precedent suggests that the non-respiring diploids described here are 
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cytoplasmic petites as this phenomenon is well known. However, the possibility of 
strong mito-mito incompatibilities should not be discounted without proper 
investigation. Sequencing the entire mtDNAs of these diploids should reveal whether 
these strains cannot respire due to large mtDNA deletions or whether they contain 
complete mitochondrial genomes which likely contain incompatible alleles. In both 
cases, the findings presented here suggest that loss of respiration in diploids when 
divergent mtDNAs are crosses could reduce hybrid fitness in interpopulation crosses. 
D.4 Methods 
Prior methods of generation independent mitochondrial recombinants using 
large numbers of independent crosses followed by isolating a single colony from each 
cross (described in 3.3 Materials and Methods) were unsuitable for characterizing the 
rate of loss of respiration. During selection of single colonies to form independent 
diploids there is an inherent bias to avoid smaller colonies because they may have 
undesirable novel mutations that arise during strain propagation. As a result, estimating 
the number of non-respiring diploids by conducting large numbers of independent 
crosses is both laborious and likely to underestimate the actual frequency of non-
respiring diploids. To circumvent this limitation, I developed a streamlined protocol for 
estimating the number of non-respiring diploids directly from the total pool of mated 
cells. 
 Strains bearing isogenic mtDNAs or mtDNAs from divergent populations were 
crossed (see Table D.1 for strain information). The crosses here used the same 
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combination of markers used in Chapter 3. Briefly, a strain bearing a ura3 marker with 
the first parental mtDNA is crossed to strain bearing both the ura3 and arg8Δ::URA3 
markers and carrying the second parental mtDNA (isogenic mtDNA for self crosses or 
from a different population for divergent crosses). Diploids are prototrophic due to 
complementation for both markers and can grow on SD media (see Supplemental Table 
S3.3 for media definitions). Strains carrying the mtDNAs to be mated were grown 
separately in rich fermentable media (YPD) in liquid cultures overnight. A small aliquot 
(100 uL) of each overnight culture were both used to inoculate the same 5 mL of fresh 
liquid YPD media then grown stationary to allow mating to occur. The first round of 
mating was used to inoculate a second round of mating in non-selective media to 
maximize the number of diploids formed. A portion of the mating population was then 
transferred to SD minimal media (SD) to enrich for diploids. After diploid enrichment the 
population is plated for single colonies on non-fermentable media which is 
supplemented with a small amount of fermentable sugars allowing non-respiring cells to 
grow very weakly relative to wild type cells (YPDG). The number of non-respiring cells 
was counted, and then the plates were replica plated to SD media to identify haploid 
colonies that remained after diploid enrichments. The counts were corrected to remove 
these haploid escapees. 
Each cross was conducted in triplicate. The final petite frequency for a cross 
between two mtDNAs is estimated based on the average of these three biological 





Figure D.1 Petite frequency of individual crosses 
 
Figure D.1 Petite frequency of individual crosses 
Each bar indicates the average of three biological replicates for each cross with the 
whisker extending to the maximum. The total number of colonies counted ranged from 




Table D.1 Strain Table 





YJM975 wine/European MATa ura3Δ::KanMX hoΔ::hygMX 
JW013 
ML15x1UA 




YPS606 North American MATa ura3Δ::KanMX hoΔ::hygMX 
JW1537 
15x1 ρ 27 
YPS606 North American MATα ura3Δ::KanMX arg8Δ::URA3 
hoΔ::hygMX 
JW020 
SP15 ρ 9 
Y55 West African MATa ura3Δ::KanMX hoΔ::hygMX 
JW1534 
15x1 ρ 9  
Y55 West African MATα ura3Δ::KanMX arg8Δ::URA3 
hoΔ::hygMX 
JW381 
ML15x1UA ρ0 C1 
ρ0 N/A MATα ura3Δ::KanMX arg8Δ::URA3 
hoΔ::hygMX 
All strains bear an isogenic YJM975 nuclear genome. Population designations are drawn 




Table D.2 Colony Counts and Petite Frequencies 
Parent a Parent α Replicate Grande Petite Total Percentage Petite 
YJM975 YJM975 A 239 0 239 0.00 
YJM975 YJM975 B 251 0 251 0.00 
YJM975 YJM975 C 195 0 195 0.00 
YJM975 YPS606 A 118 1 119 0.84 
YJM975 YPS606 B 176 0 176 0.00 
YJM975 YPS606 C 114 1 115 0.87 
YJM975 Y55 A 273 28 301 9.30 
YJM975 Y55 B 225 14 239 5.86 
YJM975 Y55 C 206 19 225 8.44 
YJM975 p0 A 480 1 481 0.21 
YJM975 p0 B 382 2 384 0.52 
YJM975 p0 C 432 0 432 0.00 
YPS606 YPS606 A 121 0 121 0.00 
YPS606 YPS606 B 145 0 145 0.00 
YPS606 YPS606 C 141 0 141 0.00 
YPS606 Y55 A 249 16 265 6.04 
YPS606 Y55 B 260 12 272 4.41 
YPS606 Y55 C 275 19 294 6.46 
YPS606 p0 A 412 0 412 0.00 
YPS606 p0 B 451 1 452 0.22 
YPS606 p0 C 395 2 397 0.50 
Y55 Y55 A 548 2 550 0.36 
Y55 Y55 B 375 5 380 1.32 
Y55 Y55 C 320 5 325 1.54 
Y55 p0 A 461 3 464 0.65 
Y55 p0 B 553 3 556 0.54 
Y55 p0 C 370 3 373 0.80 
All strains bear an isogenic YJM975 nuclear genome. Population designations are drawn 
from (WOLTERS et al. 2015) 
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Chapter 9 Appendix E: Nuclear Background Modifies Mito-Mito 
Epistasis 
E.1 Background 
 Novel combinations of mitochondrial alleles in a recombinant mtDNA could 
influence fitness. Negative interactions may occur due to coevolution within the mtDNA 
and result in poor fitness of recombinants. Positive interactions could occur due to 
unpredictable outcomes when allele combinations that have never been exposed to 
selection are created. In Chapter 3, I showed evidence that negative interactions led to 
reduced fitness in recombinants and that mito-mito epistasis is widespread in crosses 
across different mtDNAs in different conditions. The work described in Chapter 3 did not 
thoroughly assess whether mito-mito epistasis predominantly causes negative epistasis 
as expected it mitochondrial alleles are coadapted in the mtDNAs of natural isolates. 
 Given that mitonuclear epistasis contributes to yeast growth it is plausible that 
nuclear alleles may also modify the effects of mito-mito interactions to create three-way 
mito-mito-nuclear interactions. To test for mito-mito-nuclear epistasis, crosses between 
four divergent mtDNAs were repeated independently in three nuclear backgrounds. I 
assessed whether mito-mito epistasis was predominantly negative by comparing the 
phenotype distributions of strains that may bear recombinant mtDNA to strains with 
parental mtDNAs. I assessed whether nuclear alleles modify mito-mito interactions by 
assessing how signatures of epistasis changed when comparing the phenotypic 
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distribution of strains generated from crosses involving the same mtDNAs that were 
conducted in different nuclear backgrounds. 
E.3 Results and Discussion 
 To assess whether mito-mito epistasis is predominantly negative I conducted 
multiple crosses using four divergent mtDNAs (YJM975, YPS606, Y55 and Y12) in three 
nuclear backgrounds (YJM975, YPS606, and Y55, see Table E.1 for details of strains). For 
each cross multiple independent diploid strains potentially bearing recombinant mtDNA 
were collected and phenotyped on YPD media, SOE, and YPEG media at high and low 
temperature, resulting in a total of 72 assessments of epistasis, to ensure that evidence 
of mito-mito epistasis was not limited to a single condition. The number of strains 
phenotyped for each cross ranged from 41 to 88 (Table E.2). All recombinants were 
compared to control diploids that contained only one of the mtDNAs involved in the 
cross. Negative mito-mito epistasis results in diploids that predominantly grow worse 
than both controls, whereas positive mito-mito epistasis yields the opposite pattern. 
Out of the 72 assessments for epistasis across crosses, nuclear backgrounds, and 
conditions 46 yielded evidence of mito-mito epistasis (Table E.3). The evidence of 
epistasis in approximately half of all conditions and crosses tested supports that mito-
mito epistasis is a widespread phenomenon. Of the 46 total cases of epistasis eleven 
showed a pattern consistent with positive epistasis in which recombinants generally 
grew better than either control strain with parental mtDNA. The remaining thirty-five 
cases were consistent with negative epistasis in which recombinants grew worse than 
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both control strains. In some cases recombinants that showed negative epistasis in one 
condition demonstrated positive epistasis in another (Figure E.1).The higher prevalence 
of negative epistasis is consistent with coadaptation in the mtDNA to preserve 
functional interactions. The phenotypic distributions for all crosses and conditions (72 
total) are shown in Figure E.2 
Environmental conditions may alter the impact of mito-mito epistasis on growth. 
On fermentable media (SOE and YPD), positive epistasis was rare at low or high 
temperature while several crosses showed evidence of negative epistasis in these 
conditions (Table E.4). These findings suggest that mito-mito coadaptation has 
previously occurred for fermentative growth that is disrupted when new mitotypes are 
created by mtDNA recombination. In contrast, on nonfermentable media (YPEG) both 
signatures of positive and negative epistasis were evident at roughly equal frequencies 
for both low and high temperature (Table E.4). In nature, yeast are unlikely to encounter 
conditions where fermentable sugars are completely absent and thus prior selection 
may have never occurred to cause coadaptation for growth in this condition. In such 
novel conditions, the impacts of novel allele pairs are unpredictable and appear to be 
equally likely to be detrimental as beneficial. Novel environments may favor mtDNA 
recombination by selection for positive mito-mito epistasis in hybrids. 
To test if nuclear loci are modifying the impacts of mito-mito epistasis, I assessed 
how patterns of epistasis shifted when crosses involving the same mtDNAs were 
conducted in different nuclear backgrounds. If nuclear alleles alter mito-mito epistasis 
to create three-way mito-mito-nuclear epistasis then recombinants between two 
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mtDNAs may show a signature of negative epistasis in one nuclear background but no 
signature of epistasis, or potentially even a shift from negative to positive epistasis, in a 
different nuclear background. Within each condition, I contrasted the signatures of 
epistasis for each cross (YJM975 x YPS606, YJM975 x Y55, YPS606 x Y55) for each of the 
three nuclear backgrounds (YJM975, YPS606, and Y55). Crosses involving the Y12 
mtDNA were excluded due to a lack of crosses involving the same mtDNAs in all nuclear 
backgrounds tested. In 17 out of 18 cases across conditions the signature of epistasis 
was not consistent across all three nuclear backgrounds (Table E.5). The majority of 
these cases were instances where negative epistasis was evident in at least one nuclear 
background but a cross between the same mtDNAs in another background showed no 
evidence of mito-mito epistasis. Four of the 17 cases changed in sign across nuclear 
backgrounds: the YJM975 x Y55 cross on SOE at 30°C, the YJM975 x YPS606 and YJM975 
x Y55 crosses on YPEG at 30°C, and the YPS606 x Y55 cross on YPEG at 37°C (Table E.5). 
The change in sign of epistasis for these crosses when recombinants were generated in 
each nuclear background strongly suggests that mito-mito-nuclear epistasis can alter 
growth in different conditions. 
Given that the diploid tested in each nuclear background were independently 
generated, and thus represented a different random sampling of possible mtDNA 
recombination events, it is possible for different patterns to emerge between nuclear 
backgrounds due to sampling differences. Variation between the recombinants for each 
nuclear background may explain some instances in which negative epistasis was 
detected in at least one background but not all. However, the large number of mtDNA 
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recombinants generated for each cross (Table E.2), it is unlikely for sampling variation to 
explain all the differences. Moreover, a change in sign from negative epistasis to 
positive epistasis would require extreme differences in the mtDNAs inherited from two 
independent crosses of the same mtDNAs. Thus, mito-mito-nuclear interactions best 
explain the observed changes in sign of epistasis. 
***CAUTION*** 
 Control strains bearing the YPS606 nuclear background were created by crossing 
to a mislabeleld strain and thus likely do not carry the correct nuclear background. See 
note on Figure E.2 for more details. 
E.2 Methods 
 Crosses between strains bearing divergent mtDNA but isogenic nuclear genomes 
were conducted as previously described in Chapter 3 (3.3 Materials and Methods), with 
the exception that the crosses involving the same mtDNAs were repeated in the YPS606 
and Y55 nuclear backgrounds (see Table E.1 for strain details and Table E.2 for an 
outline of the crosses). Strains bearing the Y12 mtDNA were only crossed to strains 
bearing the mtDNA that matched the nuclear background. For every nuclear 
background control strains were generated for each mtDNA by crossing a strain bearing 
the desired mtDNA to a strain with an isogenic nuclear genome that lacked mtDNA (ρ0). 
The control strains served to establish the performance of each mtDNA, without 
recombination, paired with each nuclear genome as a diploid. Phenotypes were 
collected as previously described in Chapter 3 and growth rates were estimated for 
controls bearing only the parental mtDNAs and recombinants using the same analysis 
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pipeline (https://github.com/JFWolters/Robot-Image-Analysis-master). The strain HLF3-
90 was used as a reference strain on these plates and is recorded as “Ref” in the raw 
data. 
The conditions tested included a fermentable media simulating a natural oak 
exudate using fruit sugars (SOE), a fermentable lab media (YPD), and a nonfermentable 
lab media (YPEG, see Supplemental Table S3.3 for media definitions). All diploids from 
each independent cross were tested on all media types at 30°C and 37°C. The total of 
four crosses, three nuclear genomes, and 3 media, and 3 temperatures resulted in a 
total of 72 assessments for evidence of epistasis. 
 Evidence for negative or positive mito-mito epistasis in a cross was determined 
based on two criteria. First, at least 25% of the independent recombinants produced by 
the cross needed to be significantly different from both control strains bearing only 
parental mtDNA. Difference from the control strains was assessed by conducting 
individual ANOVAs and then comparing each recombinant strain to both parents using 
the TukeyHSD function in R. Significance was assessed using a standard α of 0.05 but the 
same comparison at a more stringent threshold (0.05 divided by the number of 
recombinants tested in that cross, # stringently different in Table E.3). Second, the 
number of recombinants with growth rates greater than (for positive epistasis) or less 
than (for negative evidence) the growth of either control strain bearing a parental 
mtDNA needed to be greater than the number of recombinants intermediate between 
the two parents. If a cross met both of these criteria it was evaluated as having evidence 
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E.5 Figures 
Figure E.1 Examples of Positive and Negative Mito-Mito Epistasis 
 
Figure E.1 Examples of Positive and Negative Mito-Mito Epistasis 
The distribution of growth rates for recombinants from the YPS606 x Y55 mitotype cross 
in the YJM975 nuclear background are graphed as histograms for two conditions: A) 
YPEG 37°C, distribution consistent with positive epistasis, and B) YPD 30°C, the 




Figure E.2 All Histograms of Mitochondrial Crosses By Condition 
 The distribution of growth rates for strains generated by mating divergent 
mtDNAs are indicated as histograms. All strains in each graph bear isogenic nuclear 
genomes indicated in the graph title. The mtDNA of each strain is indicated by color 
specified in the legend. 
Legend for mtDNA backgrounds: 
Green: Putative mitochondrial recombinant strain generated by crossing two strains 
with divergent mtDNA. See the title of the graph for corresponding cross. 
Dark Blue: Control strain bearing only YJM975 mtDNA. 
Light Blue: Control strain bearing only YPS606 mtDNA. 
Orange: Control strain bearing only Y55 mtDNA. 
Red: Control strain bearing only Y12 mtDNA. 
***CAUTION*** 
 For the YPS606 nuclear background there is an issue with the control diploid 
strains that only carry one parental mtDNA. These strains were generated in crosses 
involving ML27x1UA p0 A (JW1021). This strain was later shown to likely not carry the 
YPS606 nuclear background based on sanger sequencing of the barcode in the ura3 
















Crosses in YPS606 Nuclear Background 






























Table E.1 Strain Table 
ID and Strain name Nuclear mtDNA Genotype Notes 
JW014 
15a1 




YJM975 YJM975 MATα, ura3Δ::HygR, hoΔ::KanMX, 
arg8Δ::URA3 




YJM975 ρ0 MATα, ura3Δ::HygR, hoΔ::KanMX, 
arg8Δ::URA3 
Result of treating ML15x1UA (JW006) with 
CSM+EtBr. Used as parent for crosses and 
recipient for KAR crosses. 
JW023 
SP15a1 ρ27 
YJM975 YPS606 MATa, ura3Δ::HygR, hoΔ::KanMX Cytoduction deriviate of 15a1 rho0A. Contains 
the e1 mtDNA. Used as parent for crosses. 
JW020 
SP15a1 ρ9 
YJM975 Y55 MATa, ura3Δ::HygR, hoΔ::KanMX Cytoduction deriviate of mtDNA from e4 into 




YJM975 Y12 MATa, ura3Δ::HygR, hoΔ::KanMX Direct Copy of SP15a1 rho26 1A. Used as 
parent for crosses. 
JW1534 
15x1 rho 9 
YJM975 Y55 MATα, ura3Δ::HygR, hoΔ::KanMX, 
arg8Δ::URA3 
Mat alpha strain with non-native mtDNA 
combination, generated by cytoduction 
between CK520e4 (GL002) and ML15x1UA p0 
C1 (JW381). Used as parent for crosses. 
JW442 – JW443 
C1C1 rho c1 control 1 to 2 




Used as control strain representing diploid 
YJM975 nuclear background with YJM975 
mtDNA. 
Two diploids independently generated by 
mating JW014 JW15a1 crossed to JW381 
ML15x1UA ρ0 C1. 
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JW610 – JW612 
C1C1 rho e1 control 1 to 3 




Used as a control strain representing diploid 
YJM975 nuclear background with YPS606 
mtDNA. 
Three diploids independently generated by 
mating ML15x1UA ρ0 C1 (JW006) x SP15a1 
rho27 (JW023) 
JW542 – JW544 
C1C1 rho e4 control 1 to 3 




Used as a control strain representing diploid 
YJM975 nuclear background with Y55 mtDNA. 
Three diploids independently generated by 
mating ML15x1UA ρ0 C1 (JW381) x SP15a1 
rho9 1A (JW020). 
JW444 – JW446 
C1C1 rho s1 control 1 to 3 




Used as a control strain representing diploid 
YJM975 nuclear background with Y12 mtDNA. 
Three diploids independently generated by 
mating (JW015) JW15a1 ρ26 crossed to 
(JW381) ML15x1UA ρ0 C1 
JW618 
C1C1 rho c1/e1 pr 1 to pr 
96 




96 independently generated diploids created 
by mating ML15x1UA (JW006) x SP15a1 rho27 
1A (JW023). 
JW546 
C1C1 rho c1/e4 pr 1 to pr 
64 




64 independently generated diploids created 
by mating ML15x1UA (JW006) x SP15a1 rho9 
1A (JW020). 
JW448 – JW491 
C1C1 rho c1/s1 G1 d83 to 
d132 




43 independently generated diploids created 
by mating (JW013) JW15x1 x SP15a1 rho26 
1A. 
JW1555 
C1C1 e1/e4 pr 1 to pr 90 




90 independently generated diploids 
generated by crossing SP15a1 ρ27 (JW023) x 
15x1 rho 9 (JW1534) 
JW1022 
27a1 






YPS606 YPS606 MATα, ura3Δ::HygR, hoΔ::KanMX, 
arg8Δ::URA3 
Transformant of 27x1 to knock out ARG8 and 
replace with URA3. 
JW1750 
ML27x1UA ρ0 
YPS606 ρ0 MATα, ura3Δ::HygR, hoΔ::KanMX, 
arg8Δ::URA3 
Haploid made ρ0 by EtBr mutagenesis for 24 




YPS606 YJM975 MATa, ura3Δ::HygR, hoΔ::KanMX kar cross derivative moving YJM975 mtDNA 
into SP27a1 rho0 
JW1024 
SP27a1 ρ9 




YPS606 Y12 MATa, ura3Δ::HygR, hoΔ::KanMX kar cross derivative moving Y12 mtDNA into 
SP27a1 rho0 
JW1851 
27x1 rho 9 
YPS606 Y55 MATα, ura3Δ::HygR, hoΔ::KanMX, 
arg8Δ::URA3 
Mat alpha strain with non-native mtDNA 
combination, generated by cytoduction 
between CK520e4 (GL002) and ML27x1UA ρ0 
C1 (JW1750) 
JW1026 – JW1028 
E1E1 rho e1 control 1 to 3 
**CAUTION** 




Three independent diploids created by mating 
27a1 (JW1022) x ML27x1UA p0 A (JW1021). 
***CAUTION*** This strain was generated by 
crossing with ML27x1UA p0 A. This strain 
likely does not have a YPS606 nuclear 
background based on Sanger, therefore, this 
strain is incorrect. 
JW1029 – JW1031 
E1E1 rho c1 control 1 to 3 
**CAUTION** 




Three independent diploids created by mating 
SP27a1 rho 15 2A (JW1023) x ML27x1UA p0 A 
(JW1021). ***CAUTION*** This strain was 
generated by crossing with ML27x1UA p0 A. 
This strain likely does not have an E1 nuclear 
background based on Sanger, therefore, this 
strain is incorrect. 
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JW1032 – KW1034 
E1E1 rho e4 control 1 to 3 
**CAUTION** 




Three independent diploids created by mating 
SP27a1 rho9A (JW1024) x ML27x1UA p0 A 
(JW1021). ***CAUTION*** This strain was 
generated by crossing with ML27x1UA p0 A. 
This strain likely does not have an E1 nuclear 
background based on Sanger, therefore, this 
strain is incorrect. 
JW1035 – JW1037 
E1E1 rho s1 control 1 to 3 
**CAUTION** 




Three independent diploids created by mating 
SP27a1 rho26 A (JW1025) x ML27x1UA p0 A 
(JW1021). ***CAUTION*** This strain was 
generated by crossing with ML27x1UA p0 A. 
This strain likely does not have an E1 nuclear 
background based on Sanger, therefore, this 
strain is incorrect. 
JW1038 
E1E1 rho e1/c1 pr 1 to pr 
90 




90 independent diploids generated by 
crossing ML27x1UA (JW1020) x SP27a1 rho15 
2A (JW1023). 
JW1134 
E1E1 rho e1/e4 pr 1 to pr 
90 




90 independent diploids generated by 
crossing ML27x1UA (JW1020) x SP27a1 rho9 
A (JW1024). 
JW1230 
E1E1 rho e1/s1 pr 1 to pr 
90 




90 independent diploids generated by 
crossing ML27x1UA (JW1020) x SP27a1 rho26 
A (JW1025). 
JW1856 
E1E1 rho c1/e4 pr 1 to pr 
90 




90 independent diploids generated by 




Y55 Y55 MATa, ura3Δ::HygR, hoΔ::KanMX Y55 background strain obtained from NCYC 
JW726 
ML9x1UA 
Y55 Y55 MATα, ura3Δ::HygR, hoΔ::KanMX, 
arg8Δ::URA3 






Y55 ρ0 MATα, ura3Δ::HygR, hoΔ::KanMX, 
arg8Δ::URA3 
ρ0 derivative of ML9x1UA (JW726) 
JW729 
SP9a1 ρ15 
Y55 YJM975 MATa, ura3Δ::HygR, hoΔ::KanMX kar cross derivate from moving YJM975 
mtDNA into Y55 nuclear background. 
JW731 
SP9a1 ρ27 
Y55 YPS606 MATa, ura3Δ::HygR, hoΔ::KanMX kar cross derivate from moving YPS606 
mtDNA into Y55 nuclear background. 
JW730 
SP9a1 ρ26 
Y55 Y12 MATa, ura3Δ::HygR, hoΔ::KanMX kar cross derivate from moving Y12 mtDNA 
into Y55 nuclear background. 
JW1531 
9x1 rho 27 
Y55 YPS606 MATα, ura3Δ::HygR, hoΔ::KanMX, 
arg8Δ::URA3 
Mat alpha strain with non-native mtDNA 
combination, generated by cytoduction 
between CK520e1 (JW1525) and ML9x1UA p0 
A (JW727). 
JW714 – JW716 
E4E4 rho e4 control 1 to 3 




Three independently generated diploids from 
mating ML9x1UA p0 A(JW727) x 9a1 (JW728) 
JW717 – JW719 
E4E4 rho c1 control 1 to 3 




Three independently generated diploids from 
mating ML9x1UA p0 A(JW727) xSP9a1 rho15A 
(JW729) 
JW720 – JW722 
E4E4 rho e1 control 1 to 3 




Three independently generated diploids from 
mating ML9x1UA p0 A(JW727) xSP9a1 rho27A 
(JW731) 
JW723 – JW725 
E4E4 rho s1 control 1 to 3 




Three independently generated diploids from 
mating ML9x1UA p0 A(JW727) xSP9a1 rho26A 
(JW730) 
JW732 
E4E4 rho e4/c1 pr 1 to pr 
96 




96 independently generated diploids from 





E4E4 rho e4/e1 pr 1 to pr 
96 




96 independently generated diploids from 
crossing ML9x1UA (JW727) x SP9a1 rho27 A 
(JW731) 
JW828 
E4E4 rho e4/s1 pr 1 to pr 
96 




96 independently generated diploids from 
crossing ML9x1UA (JW727) x SP9a1 rho26 A 
(JW730) 
JW1761 
E4E4 rho c1/e1 pr 1 to pr 
90 




90 independently generated diploids from 
crossing generated by crossing E4c1 (JW729 ) 
x E4e1(JW1531 ) 
JW1970 
HLF3-90 





Reference strain on arrays used in 





Table E.2 Summary of mtDNA Crosses 
Nuclear Background mtDNAs Crossed 
Parent a Parent α Number of Diploids 
Phenotyped 
YJM975 






















15x1 rho 9 
86 
YPS606 










27x1 rho 9 
41 

















9x1 rho 27 
86 




















Table E.3 Signatures and Sign of Mito-Mito Epistasis 






















































30 YJM975 YJM975 x YPS606 23 15 13 48 26 87 Negative 
YJM975 x Y55 7 3 25 1 15 41 None 
YJM975 x Y12 16 14 6 31 6 43 Negative 
YPS606 x Y55 33 16 32 51 3 86 Negative 
YPS606 YJM975 x YPS606 34 24 33 53 2 88 Negative 
YJM975 x Y55 23 13 0 41 0 41 Negative 
YPS606 x Y55 21 9 4 56 28 88 Negative 
YPS606 x Y12 1 0 27 24 37 88 None 
Y55 YJM975 x YPS606 16 4 18 43 25 86 None 
YJM975 x Y55 23 12 26 27 15 68 None 
YPS606 x Y55 32 15 40 34 8 82 None 














YJM975 YJM975 x YPS606 25 14 21 40 26 87 None 
YJM975 x Y55 17 9 14 11 16 41 None 
YJM975 x Y12 21 14 17 23 3 43 Negative 
YPS606 x Y55 35 17 26 33 27 86 None 
YPS606 YJM975 x YPS606 8 0 16 51 21 88 None 
YJM975 x Y55 17 6 21 18 2 41 Positive 
YPS606 x Y55 48 20 4 81 3 88 Negative 




YJM975 x YPS606 51 38 35 42 9 86 None 
YJM975 x Y55 50 41 11 49 8 68 Negative 
YPS606 x Y55 43 33 35 43 4 82 Negative 
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SOE 37 Y55 Y55 x Y12 35 25 34 40 3 77 Negative 
YPD 
30 YJM975 YJM975 x YPS606 37 22 14 62 11 87 Negative 
YJM975 x Y55 7 3 14 7 20 41 None 
YJM975 x Y12 18 14 0 25 18 43 Negative 
YPS606 x Y55 58 37 0 82 4 86 Negative 
YPS606 YJM975 x YPS606 1 0 24 11 53 88 None 
YJM975 x Y55 22 3 0 40 1 41 Negative 
YPS606 x Y55 9 1 0 59 29 88 None 
YPS606 x Y12 38 17 19 52 17 88 Negative 
Y55 YJM975 x YPS606 2 0 0 78 8 86 None 
YJM975 x Y55 43 24 28 37 3 68 Negative 
YPS606 x Y55 2 0 0 50 32 82 None 
Y55 x Y12 8 1 39 36 2 77 None 
37 YJM975 YJM975 x YPS606 51 37 38 47 2 87 Negative 
YJM975 x Y55 7 3 11 11 19 41 None 
YJM975 x Y12 14 10 5 24 14 43 Negative 
YPS606 x Y55 55 27 0 82 4 86 Negative 
YPS606 YJM975 x YPS606 9 3 65 14 9 88 None 
YJM975 x Y55 21 11 0 37 4 41 Negative 
YPS606 x Y55 85 75 0 88 0 88 Negative 
YPS606 x Y12 5 2 1 37 50 88 None 
Y55 YJM975 x YPS606 67 14 0 86 0 86 Negative 
YJM975 x Y55 55 43 23 39 6 68 Negative 
YPS606 x Y55 11 2 4 21 57 82 None 







YJM975 x YPS606 53 32 59 26 2 87 Positive 

























YJM975 x Y12 20 14 0 30 13 43 Negative 
YPS606 x Y55 25 8 1 57 28 86 Negative 
YPS606 YJM975 x YPS606 44 26 0 88 0 88 Negative 
YJM975 x Y55 14 3 0 40 1 41 Negative 
YPS606 x Y55 13 0 0 70 18 88 None 
YPS606 x Y12 88 88 0 88 0 88 Negative 
Y55 YJM975 x YPS606 38 23 45 8 33 86 Positive 
YJM975 x Y55 27 13 44 22 2 68 Positive 
YPS606 x Y55 31 4 14 8 60 82 None 
Y55 x Y12 30 4 49 20 8 77 Positive 
37 YJM975 YJM975 x YPS606 58 38 5 38 44 87 None 
YJM975 x Y55 32 23 8 6 27 41 None 
YJM975 x Y12 38 32 3 12 28 43 None 
YPS606 x Y55 75 61 78 8 0 86 Positive 
YPS606 YJM975 x YPS606 28 11 6 73 9 88 Negative 
YJM975 x Y55 18 5 0 41 0 41 Negative 
YPS606 x Y55 34 12 16 60 12 88 Negative 
YPS606 x Y12 66 36 0 88 0 88 Negative 
Y55 YJM975 x YPS606 31 9 8 72 6 86 Negative 
YJM975 x Y55 24 14 3 49 16 68 Negative 
YPS606 x Y55 33 15 71 0 11 82 Positive 
Y55 x Y12 36 20 65 7 5 77 Positive 
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Table E.4 Totals of Mito-Mito Epistasis by Condition 
Media °C Positive Negative None 
SOE 30 1 6 5 
37 2 5 5 
YPD 30 0 6 6 
37 1 7 4 
YPEG 30 4 5 3 
37 3 6 3 
 
Table E.5 Changes in Mito-Mito Epistasis across Nuclear Backgrounds 
   Nuclear Background 
Condition °C Cross YJM975 YPS606 Y55 
SOE 30 YJM975xYPS606 Negative Negative None 
YJM975xY55 None Negative None 
YPS606xY55 Negative Negative None 
37 YJM975xYPS606 None None None 
YJM975xY55 None Positive Negative 
YPS606xY55 None Negative Negative 
YPD 30 YJM975xYPS606 Negative None None 
YJM975xY55 None Negative Negative 
YPS606xY55 Negative None None 
37 YJM975xYPS606 Negative None Negative 
YJM975xY55 None Negative Negative 
YPS606xY55 Negative None None 
YPEG 30 YJM975xYPS606 Positive Negative Positive 
YJM975xY55 None Negative Positive 
YPS606xY55 Negative None None 
37 YJM975xYPS606 None Negative Negative 
YJM975xY55 None Negative Negative 




Chapter 10 Appendix F: Running the Robot Image Analysis Pipeline 
In this appendix I describe in detail the planning and procedures necessary to run 
a successful experiment using the Robot Image Analysis (RIA) pipeline I developed for 
the work described in Chapter 3. This section is a technical document meant to serve as 
a manual for the analysis. The full pipeline is available at 
https://github.com/JFWolters/Robot-Image-Analysis-master. This manual is written for 
version 2.0.1. 
Equipment 
 The purpose of the pipeline is to obtain high throughput estimates of growth 
parameters from spots of cells (often referred to as colonies, despite not arising from a 
single cell) in high density arrays on solid media. The scripts are designed to work on 
spot arrays generated using the S&P Robotics Inc. BM3-BC automated colony handling 
robot. The robot is used to replicate cells between plates and generate highly organized 
high density spot arrays. The robot also includes a camera system which is used for all 
imaging purposes. A full description of the operation of the robot is outside of the scope 
of this manual. For an experiment using RIA you will need to understand how to 
replicate cells from liquid to solid plates, between solid plates, and from lower density 
arrays to higher density arrays. You will also need to be familiar with the operation of 




Organizing the Arrays 
 The first step in planning your experiment is to determine the number of strains 
you wish to analyze and how these strains will be laid out in initial grids. Large numbers 
of strains require multiple independent arrays. Each array must also hold a reference 
strain to use for normalization of growth values. Avoid reference strains with colored 
mutations as these can affect imaging. All arrays must contain the same reference 
strain. An individual array will hold different numbers of strains depending on the 
format. There are two primary formats: randomized arrays and block arrays. 
Currently, the RIA pipeline does not provide support for randomized arrays. 
However, users who familiarize themselves with pipeline can add support. All steps after 
image analysis and initial data processing will work with any format without any needed 
changes. The RIA also does not support arrays with less than 1,536 spots (32 rows by 48 
columns) without editing. For the purposes of this manual a 1,536 spot grid for all arrays 
is assumed. All arrays should always be full with no empty arrays. Image analysis 
performs poorly when the areas of the plate have no spots. 
In a randomized array each strain is given a pre-specified number of technical 
replicates and one spot for each of those replicates is randomly distributed across the 
array. The primary advantage of a randomized array is that it can achieve a high density 
of strains. The two outer rings of spots generally contain the reference strain and are 
excluded from analysis due to edge effects on growth yielding a total of 1,232 usable 
spots. The reference strain must also be included in the central grid so that it is usable 
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for normalization. There are two key disadvantages of a randomized array. First, 
determining the strain identity of a spot by eye is difficult which can lead to the user 
missing possible issues and errors. Second, the replicates for a given strain have variable 
neighboring spots. Neighbor effects could lead to increased variance among the 
technical replicates for a strain. 
In the block design each strain is gridded into a contiguous unit. All the technical 
replicates for a strain exist as a block of prespecified size. A 4 row by 8 column block 
provides easy setup and a considerable number of replicates per strain. By placing two 
replicates for a strain horizontally adjacent in a 96 well plate it is possible to easily 
generate a 1,536 array with 4x8 blocks using only standard replicating procedures. A 
1,536 array using 4x8 blocks contains 48 blocks. The two outer rings of spots in the grid 
are omitted due to edge effects. The outer ring of spots for each block is also omitted to 
avoid neighbor effects. As a result, each usable replicate is surrounded only by other 
technical replicates of the same strain. The corners are heavily affected by these 
omissions and only contributed 5 usable spots per block. It is advisable to put the 
reference strain in all 4 corners. Strains along the upper and lower edges are also heavily 
affected but still contribute 6 usable replicates per block. 
The block design provides the most straightforward experimental planning and 
avoids edge effects. However, this comes at a cost of usable spots. Assuming reference 
in all 4 corners, only 476 spots are usable. If an issue occurs that affects a region of an 
array, it is more likely to wipe out all replicates for a strain than the randomized design. 
Row by column effects are also a concern but prior studies using 24 spot blocks did not 
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find any evidence for such effects. The block design is preferred for RIA due to the ease 
of use in the experimental design process which reduces the risk of user errors, makes it 
easier to spot and correct issues as they arise, and streamlines the analysis. 
Once you have decided on the format you want for your experiment, the next 
step is set up your grid for each array. In a 96 well plate layout label every well with the 
strain that will be used for your initial grid. All of these layouts should be saved as text 
files for use in the RIA pipeline. Your initial layout must be gridded correctly such that 
the replication procedures you use result in the desired 1,536 spot layout. Once you 
have all your layouts prepared, grow your strains in 96 well plates according to your 
design to use as the initial cultures. Growing these cultures with 150 mL of YPD is 
recommended because then 150 mL of 30% glycerol can be added to create freezer 
stocks of your grid layouts. Freezer stocks of your initial grids are crucial to easily 
repeating your experiment. 
As an example, if you wished to use the block design you would could layout 
your grid as described in Table 1. Reference is put into all 4 corners. Two technical 
replicates per strain are laid in the grid horizontally adjacent. When following a standard 
1 x 96 wl -> 1 x 96 gl -> 1 x 384 gl -> 1 x 1,536 gl replication pattern this initial grid will 
lead a to a 4x8 block 1,536 spot array (wl = well plate for liquid media with lid, gl = solid 
media with lid). 
Preparing Arrays for Phenotyping 
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 The initial 1,536 arrays are prepared using the necessary replication procedures 
based on your design. Once the arrays are prepared they can then be used to generate 
the experimental arrays that will be photographed for phenotyping. First, choose the 
number of media types and temperatures that will be tested. When phenotyping at 
multiple temperatures ensure you have the necessary incubators. The total number of 
arrays in your experiment will equal the total number of base arrays multiplied by the 
number of media types multiplied by the number of temperatures. For example, 6 
arrays tested on 6 media types at 3 temperatures will ultimately yield 108 arrays for 
phenotypes. For one to people it is generally advisable not to go above approximately 
50 arrays at a time. If you need to collect data for additional arrays you can split your 
experiment into multiple runs. Start small, learn your limits, and then consider 
expanding the number of arrays done at once. You should also give due consideration to 
all parameters such as media thickness in your solid plates. 
 The selection process is split into two stages. The first stage is acclimation. At 
this stage, the arrays are replicated onto 1 array for each of the media types in the 
experiment. All arrays are grown at a standard temperature, usually 30°C, to avoid 
excessive stress prior to phenotypes. Media types often use different carbon sources. 
The purpose of this first stage is to allow all strains to undergo all the metabolic shifts 
necessary to enable growth on this media. If you intentionally want to incorporate 
metabolic shifts into your phenotyping you can omit this stage. However, be aware that 
this step is also used as an expansion step. Generally, 1 array can be used to replicate 1 
to 4 copies. If your second selection uses many different media types, you should 
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replace this step with an expansion step in which your arrays are used to make multiple 
copies each on non-selective media. At the end of this step you should have 1 copy of 
each array for each media type. If you are testing a large number of temperatures, 
consider having multiple copies of each array for each media type. 
 The second stage is selection. Each of the arrays from the first stage is replicated 
to 1 copy per media type per temperature. The arrays are then photographed to 
generate the initial time point of the data set. After photographing the arrays are grown 
at the appropriate temperature. Plates should be stored in partially unsealed Ziploc bags 
to avoid drying. 
Collecting the Raw Image Data 
 Prior to any phenotyping, you must have a clearly outlined schedule. To estimate 
growth rates many photographs taken during the exponential growth phase are 
necessary. You can plan your time series of photographs to have many photos near the 
start and reduce the number taken over time. Be prepared to come in to the lab at 
midnight or later to capture crucial time points. Having a helper for photographing very 
valuable as you can then trade shifts (Make sure your helper is well trained! Bad photos 
are worse than no photos). 
 To set up the photo schedule properly a clear understanding of the growth rates 
of your strains in your selective conditions is vital. On rich media types most growth will 
occur in the first 24 hours requiring time points every 3 to 4 hours. On other media 
types, such as nonfermentable media, growth rates are slower but occur over a long 
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time course. Taking photos for at least a full week is advisable, even if photos are taken 
only once every 24 hours for the last several days. 
 Keep careful notes of all your photographs and record the corresponding array, 
media type, temperature, and time point for every image file. These will be used in the 
image analysis to attach the correct information to all data. 
Organizing the Images 
 Once all the raw image data has been collected you are ready to move into the 
preliminary steps of the RIA pipeline. First, copy the full RIA pipeline into a folder you 
wish to hold all your analysis. Enter the “Photos” folder of the pipeline and copy all your 
images into a folder titled “all”. The next step is to prepare your 
“photo_descriptions.txt” file. You can prepare this file using excel, then save as a tab 
delimited text file. The pipeline includes a series of test images and example files you 
can use as a guide. Make sure your time point values are in a meaningful scale and not 
arbitrary. 
 Once your “photo_descriptions.txt” file is ready and saved in the “Photos” folder 
you can run the “sort_photos.R” script in this directly. This will separate all photos by 
array, media type, and temperature. This step is not necessary for analysis but makes it 
much easier to look over your photo steps. 
PAUSE at this point. Take some time to review your photos. Does every time 
series look correct? Are the photos in the correct order? Do the photos in a time series 
belong to the same array? Were there any mistakes during photographing such as an off 
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center photo or a lid left on by mistake? It is up to you, the user, to ensure your input 
data is of the utmost quality. Mistakes in your “photo_descriptions.txt” or photos will 
affect downstream analysis.  There are several tools included with the pipeline to help 
deal with such issues that will be described later. 
Organize the Array Layouts 
 Copy your grid layout of your original 96 well plate into the “Arrays” folder. Run 
the “matrix2table.R” script in this folder to convert your matrix layout (row by column) 
grid into the long table format used by the robot and later scripts. For all of these 
scripts, be aware you will need to manually edit each script to point to the correct input 
and output files. Use the example files as a guide for naming conventions that are easy 
to follow and preferred by the scripts. 
 Run the “expand_arrays.R” file after converting your data into the long table 
format. This script will generate grid layouts and long table files that describe your array 
in its 384 spot and 1,536 spot formats. The 1,536 spot long table “*table.txt” file for 
each array will be used during image analysis to label spots with the correct strain name. 
Analyze the Images 
 Move to the “Analysis” folder. Run “install_required_packages.R”. This script will 
ensure that all necessary packages are installed for all analysis. Run the 
“consolidate_data.R” script. This script completes two primary tasks: Image analysis 
using gitter and organizing the data from all arrays into one file. 
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 The image analysis relies on the gitter package designed to analyze high density 
colony arrays. Other analysis steps could be substituted here if gitter does not meet 
your needs. Occasionally gitter will fail on an image. In this case, try running the analysis 
using a reference photo. An example reference photo is included in the “ref” folder in 
“Photos”. Reference photos provide a grid to images gitter is having difficulty gridding. 
You can check the “gridded” folder produced by gitter to make sure it used a sensible 
gridding pattern to analyze each spot. 
 A useful trick is to analyze only photos that require a reference using the 
reference photo. First, run the image analysis on all photos using the reference photo. 
Re-run the analysis without using the reference photo and the script will overwrite the 
analysis files only for photos that could be successfully analyzed without a reference 
photo. Make sure you edit the script so it doesn’t delete all the analysis files between 
the runs. 
 After completing the photo analysis using gitter the data for all the individual 
image analysis files is compiled into one single file called “consolidated_data.txt”. This 
file includes all the size estimates for every spot on every array for every time point. The 
gitter analysis does estimate circularity as well for each spot but currently this 
information is not used in any way. 
Process the Data 
 Many spots in each array are not meant to be used in the final analysis. Move to 
the “Process” folder. There are two files here designed to help the user clean the data. If 
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a strain exhibited issues in the photos, such as contamination, the strain should be 
entered in the “strains_to_remove.txt” file. If an individual spot in one array appeared 
aberrant in the photos the specific spot can be removed from all analysis by adding it to 
the “spots_to_remove.txt” file. Example files for each are included with the pipeline. If 
no strains or spots should be removed do not edit these files, but make sure the headers 
are intact. 
 Run “process_data.R” to convert the consolidated data into 
“all_time_points.tab”. The script included with the pipeline is specifically designed to 
exclude spots as described in the organization for a 4x8 block design. The two outer 
rings of spots are excluded and the outer ring of each individual block is excluded. 
 In many cases, later time points can cause issues during image analysis due to 
saturation. The “Maximal_Time_Points.txt” file provides a place to set the latest time 
point for each array and media type to be included in the analysis. All time points after 
the set value are excluded. 
 Run “remove_time_points.R” to remove time points. This step is optional. If you 
don’t wish to exclude any make sure the “all_time_points.tab” file is used by 
subsequent scripts. 
Review the Data by Graphing All Time Points 
 Prior to collecting your final size estimates it is vital to ensure your data is up the 
standards for analysis. A graphing script is included with the pipeline to make it easier to 
review the data at this point. Enter the “Graphs/All Time Points Curves” folder and run 
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“all_time_points_curves.R”. The script will generate a graph in which the average size 
for all replicates of each strain is graphed over time. Each array is graphed separately. 
Use the graphs to determine if there are strains or time points that need further 
attention.  All strains should show smooth growth curves that level off upon reaching 
saturation. 
Logistic Growth Analysis 
 The final steps of the RIA pipeline are to fit the growth of each spot into a logistic 
growth model and estimate the growth parameters. Enter the “LogisticGrowth” folder 
and run the “fit_logistic_growth.R” script. The script takes a long time to run. The fitted 
data is saved into “logistic_growth.tab”. All time points are compressed into estimates 
for the parameters of the logistic growth curve for each individual spot in this dataset. 
The function used to fit the logistic growth model is saved in “log.fit.R” A spot can only 
be used in the analysis if a logistic growth model could be successfully fitted to its 
growth. Graphs for all successful fits are saved in “model_success_graphs.” A spot for 
which the model could not be fit is also has its growth pattern graphed and saved in 
“model_failure_graphs”. 
 PAUSE at this point and take some time to review the model successes and 
model failures. At times it is possible to determine the source of the model failures and 
correct the data to salvage these spots. One example is the omission of a time point that 
had highly aberrant sizes potentially due to an error during photographing.  
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 Run “remove_model_failures.R” to remove all spots for which a logistic growth 
curve could not be fit. 
 Run “remove_poor_fit.” to remove all spots for which the model fit the data 
poorly, defined by a correlation less than 0.95. 
 Run “remove_rate_outliers.R” to remove all spots that are severe outliers in 
growth rate (“R”) for their block. An outlier is defined as a spot in the block that is more 
than 4 standard deviations away from the block average excluding that spot. Each spot 
is considered individually. 
 Run “remove_CC_outliers.R” to remove all spots that are severe outliers in 
carrying capacity (“CC” or “MaxSize”). The method is the same as described for growth 
rate. 
 Run “remove_under_3_replicates.R” to remove any blocks that have less than 3 
replicates remaining after all prior filtering. Growth values for a strain are unreliable 
without multiple technical replicates. Three was chosen arbitrarily as the lower limit. 
 Run “calculate_SizeDiff.R” to calculate the difference between the initial spot 
size (“MinSize”) and maximum size (“CC” or “MaxSize”). Using size difference may be 
more reliable than maximum size alone as it may account for small differences in initial 
size that impact maximal size. However, the two are nearly perfectly correlated in prior 
data sets so it is really a matter of discretion based on the dataset being examined.  
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 Run “normalize_logistic_parameters.R” to normalize all growth parameters for 
each spot to the average of the reference strain on the same array as that spot. The 
normalized values of maximum size, growth rate, and size difference (“NormCC”, 
“NormR”, and “Norm_SizeDiff” respectively) should then be used for downstream 
analysis. 
What Next? 
 Congratulations! You have completed an analysis using the RIA pipeline. 
However, this is just the beginning. The real work is to interpret your data to answer 
your biological question of interest. However, such analyses are beyond the scope of 
this analysis method as they will be highly tailored to your individual experiment. I hope 
that this methodology has been useful to you and wish you the best in determining the 
results of your experiment. 
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Chapter 11 Appendix G Strain Tables 
 In this section I include a detailed strain table regarding all strains used in this 
research with identifying information necessary to locate these strains in the freezer log. 
I also include plate layouts for the 96 well plates stored in the freezer that are used in 
the Mito-Mito Epistasis experiments and in the petite mapping experiments with a brief 
description of the purpose of each plate. 
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Strain Tables – All strains 
Table G.1 Strain Table 





JW001 15a1 (HLF) h C1 C1 ura3 a SGRPa NCYC3594. Haploid derivative of 
YJM975. The native representative. 
JW002 15x1 (HLF) h C1 C1 ura3 x SGRPx NCYC3594. Haploid derivative of 
YJM975. The native representative. 
JW003 15a1 (SP) h C1 C1 ura3 a SP1A3 NCYC3594. Haploid derivative of 
YJM975. The native representative. 
Direct restreak from 15a1 (HLF) 
JW004 SP15a1 rho0 A h C1 p0 ura3 a SP01B5 Rho0 derivative of SP15a1 generated 
through EtBr treatment. 
JW005 SP15a1 rho0 B h C1 p0 ura3 a SP01B6 Rho0 derivative of SP15a1 generated 
through EtBr treatment. 
JW006 ML15x1UA h C1 C1 ura3 
arg8::URA3 
x ML01B7 Transformant of 15x1. Ura+ due to 
insertion knocking out arg8.  
JW009 SP15a1 rho26 1A h C1 S1 ura3 a SP1G6 Cytoduction derivative of 15a1 rho0A. 
Contains the S1 mtDNA.  
JW010 SP15a1 rho26 1B h C1 S1 ura3 a SP1G7 Cytoduction derivative of 15a1 rho0A. 
Contains the S1 mtDNA.  
JW011 SP15a1 rho26 2A h C1 S1 ura3 a SP1G8 Cytoduction derivative of 15a1 rho0A. 
Contains the S1 mtDNA.  
JW012 SP15a1 rho26 2B* h C1 S1 ura3 a SP1G9 Cytoduction derivative of 15a1 rho0A. 
Contains the S1 mtDNA. May be deviant 
from other replicates 
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JW013 JW15x1 h C1 C1 ura3 
arg8::URA3 
 
JW01 A2 Direct copy of ML15x1UA 
JW014 JW15a1 h C1 C1 ura3 
 
JW01 A1 Direct copy of 15a1 (SP) 
JW015 JW15a1 rho26 h C1 S1 ura3 
 
JW01 A4 Direct Copy of SP15a1 rho26 1A 
JW020 SP15a1 rho9 1A h C1 e4 ura3 a JW01 
unsorted 
Cytoduction derivative of mtDNA from 
e4 into a C1 nuclear background 
JW023 SP15a1 rho 27 1A h C1 e1 ura3 a SP1 H3 Cytoduction derivative of 15a1 rho0A. 
Contains the e1 mtDNA. 
JW211 C1 rhoC1/S1 G1 
d10 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW01 F1 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. 
JW212 C1 rhoC1/S1 G1 
d11 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW01 F2 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A 
JW381 ML15x1UA p0 C1 h C1 p0 ura3 
arg8::URA3 
x JW01 G1 Result of treating ML15x1UA (JW006) 
with CSM+EtBr 
JW382 ML15x1UA p0 C2 h C1 p0 ura3 
arg8::URA3 
x JW01 G2 Result of treating ML15x1UA (JW006) 
with CSM+EtBr 
JW383 ML15x1UA p0 C3 h C1 p0 ura3 
arg8::URA3 
x G3 Result of treating ML15x1UA (JW006) 
with CSM+EtBr 
JW410 C1C1 rho c1/s1 G1 
d50 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 C9 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW411 C1C1 rho c1/s1 G1 
d51 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 D1 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW412 C1C1 rho c1/s1 G1 
d52 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 D2 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 




JW413 C1C1 rho c1/s1 G1 
d53 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 D3 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW414 C1C1 rho c1/s1 G1 
d54 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 D4 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW415 C1C1 rho c1/s1 G1 
d55 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 D5 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW416 C1C1 rho c1/s1 G1 
d56 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 D6 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW417 C1C1 rho c1/s1 G1 
d57 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 D7 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW418 C1C1 rho c1/s1 G1 
d58 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 D8 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW419 C1C1 rho c1/s1 G1 
d59 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 D9 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW420 C1C1 rho c1/s1 G1 
d60 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 E1 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 




JW421 C1C1 rho c1/s1 G1 
d61 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 E2 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW422 C1C1 rho c1/s1 G1 
d62 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 E3 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW423 C1C1 rho c1/s1 G1 
d63 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 E4 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW424 C1C1 rho c1/s1 G1 
d64 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 E5 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW425 C1C1 rho c1/s1 G1 
d65 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 E6 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW426 C1C1 rho c1/s1 G1 
d66 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 E7 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW427 C1C1 rho c1/s1 G1 
d67 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 E8 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW428 C1C1 rho c1/s1 G1 
d68 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 E9 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 




JW429 C1C1 rho c1/s1 G1 
d69 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 F1 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW430 C1C1 rho c1/s1 G1 
d70 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 F2 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW431 C1C1 rho c1/s1 G1 
d71 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 F3 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW432 C1C1 rho c1/s1 G1 
d72 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 F4 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW433 C1C1 rho c1/s1 G1 
d73 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 F5 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW434 C1C1 rho c1/s1 G1 
d74 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 F6 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW435 C1C1 rho c1/s1 G1 
d75 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 F7 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW436 C1C1 rho c1/s1 G1 
d76 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 F8 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 




JW437 C1C1 rho c1/s1 G1 
d77 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 F9 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW438 C1C1 rho c1/s1 G1 
d78 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 G1 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW439 C1C1 rho c1/s1 G1 
d79 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 G2 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW440 C1C1 rho c1/s1 G1 
d80 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 G3 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW441 C1C1 rho c1/s1 G1 
d81 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 G4 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fourth set of progeny from 
this cross. Freezer stocks made 
02/17/2016 
JW442 C1C1 rho c1 control 
d1 
d C1C1 c1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 G5 Diploid progeny ofJW014 JW15a1 
crossed to JW381 ML15x1UA p0 C1.  
JW443 C1C1 rho c1 control 
d2 
d C1C1 c1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 G6 Diploid progeny ofJW014 JW15a1 
crossed to JW381 ML15x1UA p0 C1.  
JW444 C1C1 rho S1 control 
d1 
d C1C1 c1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 G7 Diploid progeny ofJW015 JW15a1 p26 
crossed to JW381 ML15x1UA p0 C1.  
JW445 C1C1 rho S1 control 
d2 
d C1C1 c1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 G8 Diploid progeny ofJW015 JW15a1 p26 
crossed to JW381 ML15x1UA p0 C1.  
JW446 C1C1 rho S1 control 
d3 
d C1C1 c1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 G9 Diploid progeny ofJW015 JW15a1 p26 
crossed to JW381 ML15x1UA p0 C1.  
JW447 C1C1 rho S1 control 
d4 
d C1C1 c1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 H1 Diploid progeny ofJW015 JW15a1 p26 
crossed to JW381 ML15x1UA p0 C1.  
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JW448 C1C1 rho c1/s1 G1 
d83 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 A1 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW449 C1C1 rho c1/s1 G1 
d85 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 A2 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW450 C1C1 rho c1/s1 G1 
d86 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 A3 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW451 C1C1 rho c1/s1 G1 
d87 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 A4 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW452 C1C1 rho c1/s1 G1 
d88 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 A5 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW453 C1C1 rho c1/s1 G1 
d89 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 A6 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW454 C1C1 rho c1/s1 G1 
d90 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 A7 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW455 C1C1 rho c1/s1 G1 
d91 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 A8 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW456 C1C1 rho c1/s1 G1 
d92 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 A9 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
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JW457 C1C1 rho c1/s1 G1 
d94 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 B1 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW458 C1C1 rho c1/s1 G1 
d95 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 B2 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW459 C1C1 rho c1/s1 G1 
d96 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 B3 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW460 C1C1 rho c1/s1 G1 
d97 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 B4 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW461 C1C1 rho c1/s1 G1 
d98 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 B5 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW462 C1C1 rho c1/s1 G1 
d99 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 B6 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW463 C1C1 rho c1/s1 G1 
d100 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 B7 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW464 C1C1 rho c1/s1 G1 
d101 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 B8 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW465 C1C1 rho c1/s1 G1 
d102 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 B9 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
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JW466 C1C1 rho c1/s1 G1 
d103 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 C1 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW467 C1C1 rho c1/s1 G1 
d104 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 C2 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW468 C1C1 rho c1/s1 G1 
d105 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 C3 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW469 C1C1 rho c1/s1 G1 
d106 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 C4 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW470 C1C1 rho c1/s1 G1 
d107 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 C5 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW471 C1C1 rho c1/s1 G1 
d108 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 C6 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW472 C1C1 rho c1/s1 G1 
d109 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 C7 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW473 C1C1 rho c1/s1 G1 
d110 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 C8 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW474 C1C1 rho c1/s1 G1 
d111 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 C9 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
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JW475 C1C1 rho c1/s1 G1 
d112 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 D1 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW476 C1C1 rho c1/s1 G1 
d113 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 D2 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW477 C1C1 rho c1/s1 G1 
d114 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 D3 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW478 C1C1 rho c1/s1 G1 
d115 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 D4 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW479 C1C1 rho c1/s1 G1 
d116 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 D5 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW480 C1C1 rho c1/s1 G1 
d117 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 D6 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW481 C1C1 rho c1/s1 G1 
d118 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 D7 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW482 C1C1 rho c1/s1 G1 
d119 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 D8 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW483 C1C1 rho c1/s1 G1 
d122 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 D9 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
278 
 
JW484 C1C1 rho c1/s1 G1 
d123 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 E1 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW485 C1C1 rho c1/s1 G1 
d124 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 E2 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW486 C1C1 rho c1/s1 G1 
d126 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 E3 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW487 C1C1 rho c1/s1 G1 
d127 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 E4 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW488 C1C1 rho c1/s1 G1 
d128 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 E5 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW489 C1C1 rho c1/s1 G1 
d129 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 E6 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW490 C1C1 rho c1/s1 G1 
d130 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 E7 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW491 C1C1 rho c1/s1 G1 
d132 
d C1C1 C1/S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 E8 Diploid progeny of ML15x1UA x SP15a1 
rho26 1A. Fifth set of progeny from this 
cross. Freezer stocks made 03/16/2016 
JW542 C1C1 rho e4 control 
d1 
d C1C1 e4 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 H2 Diploid progeny of ML15x1UA p0 C1 
(JW381) x SP15a1 rho9 1A (JW020) 
JW543 C1C1 rho e4 control 
d2 
d C1C1 e4 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 H3 Diploid progeny of ML15x1UA p0 C1 
(JW381) x SP15a1 rho9 1A (JW020) 
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JW544 C1C1 rho e4 control 
d3 
d C1C1 e4 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 H4 Diploid progeny of ML15x1UA p0 C1 
(JW381) x SP15a1 rho9 1A (JW020) 
JW545 C1C1 rho e4 control 
d4 
d C1C1 e4 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 H5 Diploid progeny of ML15x1UA p0 C1 
(JW381) x SP15a1 rho9 1A (JW020) 
JW546 C1C1 rho c1/e4 pr 
1-64 







Diploid progeny of ML15x1UA (JW006) 
x SP15a1 rho9 1A (JW020) 
JW610 C1C1 rho e1 control 
1 
d C1C1 e1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 H6 Diploid progeny of ML15x1UA p0 C1 
(JW006) x SP15a1 rho27 (JW023) 
JW611 C1C1 rho e1 control 
2 
d C1C1 e1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 H7 Diploid progeny of ML15x1UA (JW381) 
x SP15a1 rho27 (JW023) 
JW612 C1C1 rho e1 control 
3 
d C1C1 e1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 H8 Diploid progeny of ML15x1UA (JW381) 
x SP15a1 rho27 (JW023) 
JW613 C1C1 rho e1 control 
4 
d C1C1 e1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 H9 Diploid progeny of ML15x1UA (JW381) 
x SP15a1 rho27 (JW023) 
JW614 C1C1 rho e1 control 
5 
d C1C1 e1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 G1 Diploid progeny of ML15x1UA (JW381) 
x SP15a1 rho27 (JW023) 
JW615 C1C1 rho e1 control 
6 
d C1C1 e1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 G2 Diploid progeny of ML15x1UA (JW381) 
x SP15a1 rho27 (JW023) 
JW616 C1C1 rho e1 control 
7 
d C1C1 e1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 G3 Diploid progeny of ML15x1UA (JW381) 
x SP15a1 rho27 (JW023) 
JW617 C1C1 rho e1 control 
8 
d C1C1 e1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW04 G4 Diploid progeny of ML15x1UA (JW381) 
x SP15a1 rho27 (JW023) 
JW618 C1C1 rho c1/e1 pr 
1-96 







Diploid progeny of ML15x1UA (JW006) 
x SP15a1 rho27 1A (JW023) 
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JW714 E4E4 rho e4 control 
1 
d E4E4 e4 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 E9 Diploid progeny of ML9x1UA p0 
A(JW727) x SP9a1 (JW728) 
JW715 E4E4 rho e4 control 
2 
d E4E4 e4 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 F1 Diploid progeny of ML9x1UA p0 
A(JW727) x SP9a1 (JW728) 
JW716 E4E4 rho e4 control 
3 
d E4E4 e4 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 F2 Diploid progeny of ML9x1UA p0 
A(JW727) x SP9a1 (JW728) 
JW717 E4E4 rho c1 control 
1 
d E4E4 c1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 F3 Diploid progeny of ML9x1UA p0 
A(JW727) xSP9a1 rho15A (JW729) 
JW718 E4E4 rho c1 control 
2 
d E4E4 c1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 F4 Diploid progeny of ML9x1UA p0 
A(JW727) xSP9a1 rho15A (JW729) 
JW719 E4E4 rho c1 control 
3 
d E4E4 c1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 F5 Diploid progeny of ML9x1UA p0 
A(JW727) xSP9a1 rho15A (JW729) 
JW720 E4E4 rho e1 control 
1 
d E4E4 e1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 F6 Diploid progeny of ML9x1UA p0 
A(JW727) xSP9a1 rho27A (JW731) 
JW721 E4E4 rho e1 control 
2 
d E4E4 e1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 F7 Diploid progeny of ML9x1UA p0 
A(JW727) xSP9a1 rho27A (JW731) 
JW722 E4E4 rho e1 control 
3 
d E4E4 e1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 F8 Diploid progeny of ML9x1UA p0 
A(JW727) xSP9a1 rho27A (JW731) 
JW723 E4E4 rho s1 control 
1 
d E4E4 s1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 F9 Diploid progeny of ML9x1UA p0 
A(JW727) xSP9a1 rho26A (JW730) 
JW724 E4E4 rho s1 control 
2 
d E4E4 s1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 G1 Diploid progeny of ML9x1UA p0 
A(JW727) xSP9a1 rho26A (JW730) 
JW725 E4E4 rho s1 control 
3 
d E4E4 s1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 G2 Diploid progeny of ML9x1UA p0 
A(JW727) xSP9a1 rho26A (JW730) 
JW726 ML9x1UA h E4 e4 ura3 
arg8::URA3 
x ML01 A9 transformant of 9x1. Is Arg- and Ura+. 
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JW727 ML9x1UA p0 A h E4 p0 ura3 
arg8::URA3 
x ML02 B8 p0 derivative of ML9x1UA (JW726). 
Strain barcode verified by Sanger 
sequencing. 
JW728 SP9a1 h E4 e4 ura3 a SP2 B9 native combination of E4 (Y55) 
JW729 SP9a1 rho15 A h E4 c1 ura3 a SP7 A4 kar cross derivate moving C1 mtDNA in 
E4 nuclear 
JW730 SP9a1 rho26 A h E4 s1 ura3 a SP7 A8 kar cross derivate moving S1 mtDNA in 
E4 nuclear 
JW731 SP9a1 rho27 A h E4 e1 ura3 a SP7B1 kar cross derivate moving E1 mtDNA in 
E4 nuclear 
JW732 E4E4 rho e4/c1 pr 1 
- 96 







Diploid progeny of ML9x1UA (JW727) x 
SP9a1 rho15 A (JW729) 
JW828 E4E4 rho e4/s1 pr 1 
- 96 








Diploid progeny of ML9x1UA (JW727) x 
SP9a1 rho26 A (JW730) 
JW924 E4E4 rho e4/e1 pr 1 
- 96 







Diploid progeny of ML9x1UA (JW727) x 
SP9a1 rho27A (JW731) 
JW1020 ML27x1UA h E1 e1 ura3 
arg8::URA3 
x ML01E4 transformant of 27x1. Is Arg- and Ura+. 
JW1021 ML27x1UA p0 A 
DON’T USE 
h E1 p0 ura3 
arg8::URA3 
x ML02F6 DON’T USE LABELED WRONG 
JW1022 SP27a1 h E1 e1 ura3 a SP01A7 native combination of E1 
JW1023 SP27a1 rho15 2A h E1 c1 ura3 a SP02 A5 kar cross derivative moving c1 mtDNA 
into SP27a1 rho0 
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JW1024 SP27a1 rho9 A h E1 e4 ura3 a SP06A6 kar cross derivative moving e4 mtDNA 
into SP27a1 rho0 
JW1025 SP27a1 rho26 1A h E1 s1 ura3 a SP02B2 kar cross derivative moving s1 mtDNA 
into SP27a1 rho0 
JW1026 E1E1 rho e1 control 
1 
***CAUTION*** 
See Notes to the 
right. 






Diploid progeny of 27a1 (JW1022) x 
ML27x1UA p0 A (JW1021). 
***CAUTION*** This strain was 
generated by crossing with ML27x1UA 
p0 A. This strain likely does not have an 
E1 nuclear background based on 
Sanger, therefore, this strain is 
incorrect. 
JW1027 E1E1 rho e1 control 
2 
***CAUTION*** 
See Notes to the 
right. 






Diploid progeny of 27a1 (JW1022) x 
ML27x1UA p0 A (JW1021). 
***CAUTION*** This strain was 
generated by crossing with ML27x1UA 
p0 A. This strain likely does not have an 
E1 nuclear background based on 
Sanger, therefore, this strain is 
incorrect. 
JW1028 E1E1 rho e1 control 
3 
***CAUTION*** 
See Notes to the 
right. 






Diploid progeny of 27a1 (JW1022) x 
ML27x1UA p0 A (JW1021). 
***CAUTION*** This strain was 
generated by crossing with ML27x1UA 
p0 A. This strain likely does not have an 
E1 nuclear background based on 




JW1029 E1E1 rho c1 control 
1 
***CAUTION*** 
See Notes to the 
right. 






Diploid progeny of SP27a1 rho 15 2A 
(JW1023) x ML27x1UA p0 A (JW1021). 
***CAUTION*** This strain was 
generated by crossing with ML27x1UA 
p0 A. This strain likely does not have an 
E1 nuclear background based on 
Sanger, therefore, this strain is 
incorrect. 
JW1030 E1E1 rho c1 control 
2 
***CAUTION*** 
See Notes to the 
right. 






Diploid progeny of SP27a1 rho 15 2A 
(JW1023) x ML27x1UA p0 A (JW1021). 
***CAUTION*** This strain was 
generated by crossing with ML27x1UA 
p0 A. This strain likely does not have an 
E1 nuclear background based on 
Sanger, therefore, this strain is 
incorrect. 
JW1031 E1E1 rho c1 control 
3 
***CAUTION*** 
See Notes to the 
right. 






Diploid progeny of SP27a1 rho 15 2A 
(JW1023) x ML27x1UA p0 A (JW1021). 
***CAUTION*** This strain was 
generated by crossing with ML27x1UA 
p0 A. This strain likely does not have an 
E1 nuclear background based on 
Sanger, therefore, this strain is 
incorrect. 
JW1032 E1E1 rho e4 control 
1 
***CAUTION*** 
See Notes to the 
right. 






Diploid progeny of SP27a1 rho9A 
(JW1024) x ML27x1UA p0 A (JW1021). 
***CAUTION*** This strain was 
generated by crossing with ML27x1UA 
p0 A. This strain likely does not have an 
E1 nuclear background based on 




JW1033 E1E1 rho e4 control 
2 
***CAUTION*** 
See Notes to the 
right. 






Diploid progeny of SP27a1 rho9A 
(JW1024) x ML27x1UA p0 A (JW1021). 
***CAUTION*** This strain was 
generated by crossing with ML27x1UA 
p0 A. This strain likely does not have an 
E1 nuclear background based on 
Sanger, therefore, this strain is 
incorrect. 
JW1034 E1E1 rho e4 control 
3 
***CAUTION*** 
See Notes to the 
right. 






Diploid progeny of SP27a1 rho9A 
(JW1024) x ML27x1UA p0 A (JW1021). 
***CAUTION*** This strain was 
generated by crossing with ML27x1UA 
p0 A. This strain likely does not have an 
E1 nuclear background based on 
Sanger, therefore, this strain is 
incorrect. 
JW1035 E1E1 rho s1 control 
1 
***CAUTION*** 
See Notes to the 
right. 






Diploid progeny of SP27a1 rho26 A 
(JW1025) x ML27x1UA p0 A (JW1021). 
***CAUTION*** This strain was 
generated by crossing with ML27x1UA 
p0 A. This strain likely does not have an 
E1 nuclear background based on 
Sanger, therefore, this strain is 
incorrect. 
JW1036 E1E1 rho s1 control 
2 
***CAUTION*** 
See Notes to the 
right. 






Diploid progeny of SP27a1 rho26 A 
(JW1025) x ML27x1UA p0 A (JW1021). 
***CAUTION*** This strain was 
generated by crossing with ML27x1UA 
p0 A. This strain likely does not have an 
E1 nuclear background based on 




JW1037 E1E1 rho s1 control 
3 
***CAUTION*** 
See Notes to the 
right. 






Diploid progeny of SP27a1 rho26 A 
(JW1025) x ML27x1UA p0 A (JW1021). 
***CAUTION*** This strain was 
generated by crossing with ML27x1UA 
p0 A. This strain likely does not have an 
E1 nuclear background based on 
Sanger, therefore, this strain is 
incorrect. 
JW1038 E1E1 rho e1/c1 pr 1 
-90 







Diploid progeny of ML27x1UA (JW1020) 
x SP27a1 rho15 2A (JW1023). 
 
JW1134 E1E1 rho e1/e4 pr 
1-90 
d E1E1 e1/e4 ura3/ura3 
ARG8/arg8::URA3 





Diploid progeny of ML27x1UA (JW1020) 
x SP27a1 rho9  A (JW1024) 
JW1225 E1E1 rho E1  
control 4,5,6 




Diploid progeny of 27a1 (JW1022) x 
ML27x1UA p0 C1 (JW1750). 
JW1226 E1E1 rho C1 control 
4,5,6 




Diploid progeny of SP27a1 rho 15 2A 
(JW1023) x ML27x1UA p0 C1 (JW1750). 
JW1227 E1E1 rho E4 control 
4,5,6 
d E1E1 E4 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 G9, 
H1, H2 
Diploid progeny of SP27a1 rho9A 
(JW1024) x ML27x1UA p0 C1 (JW1750) 
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JW1228 E1E1 rho S1 control 
4,5,6 
d E1E1 S1 ura3/ura3 
ARG8/arg8::URA3 
a/x JW05 H3, 
H4, H5 
Diploid progeny of SP27a1 rho26 A 
(JW1025) x ML27x1UA p0 C1 
(JW1750). 
JW1230 E1E1 rho e1/s1 pr 
1-90 







Diploid progeny of ML27x1UA (JW1020) 
x SP27a1 rho26 A (JW1025) 
JW1321 SP26a1 h S1 s1 ura3 a SP01 Haploid derivative of Y12 nuclear 
JW1323 SP26a1 rho 15 A h S1 c1 ura3 a 
 
Kar cross derivative of C1 mtDNA into 
S1 nuclear 







Diploid progeny of JW15a1 (JW014) x 
ML15x1UA p0 C1 (JW381) 
JW1518 CK520p0 h CK520 p0 leu2 
kar 
a HLF16 F1 Kar mutant for cytoductions 
JW1519 9x1 h E4 e4 ura3 x SGRPalpha 
unsorted 
E4e4 native combination from NCYC 
collection. Used to isolate DNA and 
verify barcode by sanger sequencing. 
JW1521 27x1 h E1 e1 ura3 x SGRPalpha 
unsorted 
E1e1 native combination from NCYC 
collection. Used to isolate DNA and 
verify barcode by sanger sequencing. 
GL002 CK520 rho e4 B h CK520 e4 leu2 
kar 
a JW01 D1 kar mutant intermediate with E4 
mtDNA, generated by cytoduction 
between 9x1 (JW1519) and CK520p0 
(JW1518) 
GL003 CK520 rho e4 C h CK520 e4 leu2 
kar 
a JW01 D2 kar mutant intermediate with E4 
mtDNA, generated by cytoduction 




GL004 CK520 rho e4 D h CK520 e4 leu2 
kar 
a JW01 D3 kar mutant intermediate with E4 
mtDNA, generated by cytoduction 
between 9x1 (JW1519) and CK520p0 
(JW1518) 
JW1522 CK520 rho c1 A h CK520 c1 leu2 
kar 
a JW01 D4 kar mutant intermediate with C1 
mtDNA, generated by cytoduction 
between 15x1 (JW1520) and CK520p0 
(JW1518) 
JW1523 CK520 rho c1 B h CK520 c1 leu2 
kar 
a JW01 D5 kar mutant intermediate with C1 
mtDNA, generated by cytoduction 
between 15x1 (JW1520) and CK520p0 
(JW1518) 
JW1524 CK520 rho c1 C h CK520 c1 leu2 
kar 
a JW01 D6 kar mutant intermediate with C1 
mtDNA, generated by cytoduction 
between 15x1 (JW1520) and CK520p0 
(JW1518) 
JW1525 CK520 rho e1 A h CK520 e1 leu2 
kar 
a JW01 D7 kar mutant intermediate with E1 
mtDNA, generated by cytoduction 
between 27x1 (JW1521) and CK520p0 
(JW1518) 
JW1526 CK520 rho e1 B h CK520 e1 leu2 
kar 
a JW01 D8 kar mutant intermediate with E1 
mtDNA, generated by cytoduction 
between 27x1 (JW1521) and CK520p0 
(JW1518) 
JW1527 CK520 rho e1 C h CK520 e1 leu2 
kar 
a JW01 D9 kar mutant intermediate with E1 
mtDNA, generated by cytoduction 
between 27x1 (JW1521) and CK520p0 
(JW1518) 
JW1547 CK520 rho e1 D h CK520 e1 leu2 
kar 
a JW01 C3 kar mutant intermediate with E1 
mtDNA, generated by cytoduction 




JW1528 9x1 rho 15 A h E4 c1 ura3 
arg8::URA3 
x JW04 A8 Mat alpha strain with non-native 
mtDNA combination, generated by 
cytoduction between CK520c1 (1522) 
and ML9x1UA p0 A (JW727) 
JW1529 9x1 rho 15 B h E4 c1 ura3 
arg8::URA3 
x JW04A9 Mat alpha strain with non-native 
mtDNA combination, generated by 
cytoduction between CK520c1 (1522) 
and ML9x1UA p0 A (JW727) 
JW1530 9x1 rho 15 C h E4 c1 ura3 
arg8::URA3 
x JW04 B1 Mat alpha strain with non-native 
mtDNA combination, generated by 
cytoduction between CK520c1 (1522) 
and ML9x1UA p0 A (JW727) 
JW1547 9x1 rho 15 D h E4 c1 ura3 
arg8::URA3 
x JW04 B2 Mat alpha strain with non-native 
mtDNA combination, generated by 
cytoduction between CK520c1 (1522) 
and ML9x1UA p0 A (JW727) 
JW1531 9x1 rho 27 A h E4 e1 ura3 
arg8::URA3 
x JW04 B3 Mat alpha strain with non-native 
mtDNA combination, generated by 
cytoduction between CK520e1 
(JW1525) and ML9x1UA p0 A (JW727) 
JW1532 9x1 rho 27 B h E4 e1 ura3 
arg8::URA3 
x JW04 B4 Mat alpha strain with non-native 
mtDNA combination, generated by 
cytoduction between CK520e1 
(JW1525) and ML9x1UA p0 A (JW727) 
JW1533 9x1 rho 27 C h E4 e1 ura3 
arg8::URA3 
x JW04 B5 Mat alpha strain with non-native 
mtDNA combination, generated by 
cytoduction between CK520e1 
(JW1525) and ML9x1UA p0 A (JW727) 
JW1548 9x1 rho 27 D h E4 e1 ura3 
arg8::URA3 
x JW04 B6 Mat alpha strain with non-native 
mtDNA combination, generated by 
cytoduction between CK520e1 
(JW1525) and ML9x1UA p0 A (JW727) 
289 
 
JW1534 15x1 rho 9 A h C1 e4 ura3 
arg8::URA3 
x JW04 A1 Mat alpha strain with non-native 
mtDNA combination, generated by 
cytoduction between CK520e4 (GL002) 
and ML15x1UA p0 C1  (JW381) 
JW1535 15x1 rho 9 B h C1 e4 ura3 
arg8::URA3 
x JW04 A2 Mat alpha strain with non-native 
mtDNA combination, generated by 
cytoduction between CK520e4 (GL002) 
and ML15x1UA p0 C1  (JW381) 
JW1536 15x1 rho 9 C h C1 e4 ura3 
arg8::URA3 
x JW04 A3 Mat alpha strain with non-native 
mtDNA combination, generated by 
cytoduction between CK520e4 (GL002) 
and ML15x1UA p0 C1  (JW381) 
JW1537 15x1 rho 27 A h C1 e1 ura3 
arg8::URA3 
x JW04 B7 Mat alpha strain with non-native 
mtDNA combination, generated by 
cytoduction between CK520e1 
(JW1525) and ML15x1UA p0 C1  
(JW381) 
JW1538 15x1 rho 27 B h C1 e1 ura3 
arg8::URA3 
x JW04 B8 Mat alpha strain with non-native 
mtDNA combination, generated by 
cytoduction between CK520e1 
(JW1525) and ML15x1UA p0 C1  
(JW381) 
JW1539 15x1 rho 27 C h C1 e1 ura3 
arg8::URA3 
x JW04 B9 Mat alpha strain with non-native 
mtDNA combination, generated by 
cytoduction between CK520e1 
(JW1525) and ML15x1UA p0 C1  
(JW381) 







Diploid with putatively recombinant 
mtDNA. Generated by crossing C1e1 
(JW023) x C1e4 (JW1534) 
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JW1750 ML27x1UA p0 C1 h E1 p0 arg8::URA3 x JW04 I5 Haploid made p0 by EtBr mutagenesis 
for 24 hours + 36 hours. Derivative of 
ML27x1UA (JW1020) 
JW1751 ML27x1UA p0 C2 h E1 p0 arg8::URA3 x JW04 I6 Haploid made p0 by EtBr mutagenesis 
for 24 hours + 36 hours. Derivative of 
ML27x1UA (JW1020) 
JW1752 ML27x1UA p0 C3 h E1 p0 arg8::URA3 x JW04 I7 Haploid made p0 by EtBr mutagenesis 
for 24 hours + 36 hours. Derivative of 
ML27x1UA (JW1020) 







Diploid with putatively recombinant 
mtDNA. Generated by crossing E4c1 
(JW729 ) x E4e1(JW1531 ) 
JW1851 27x1 rho 9 E1 h E1 e4 ura3 
arg8::URA3 
x JW04 C5 Mat alpha strain with non-native 
mtDNA combination, generated by 
cytoduction between CK520e4 (GL002) 
and ML27x1UA p0 C1 (JW1750) 
JW1852 27x1 rho 9 E2 h E1 e4 ura3 
arg8::URA3 
x JW04 C6 Mat alpha strain with non-native 
mtDNA combination, generated by 
cytoduction between CK520e4 (GL002) 
and ML27x1UA p0 C1 (JW1750) 
JW1853 27x1 rho 9 E3 h E1 e4 ura3 
arg8::URA3 
x JW04 C7 Mat alpha strain with non-native 
mtDNA combination, generated by 
cytoduction between CK520e4 (GL002) 
and ML27x1UA p0 C1 (JW1750) 
JW1854 27x1 rho 9 E4 h E1 e4 ura3 
arg8::URA3 
x JW04 C8 Mat alpha strain with non-native 
mtDNA combination, generated by 
cytoduction between CK520e4 (GL002) 
and ML27x1UA p0 C1 (JW1750) 
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JW1856 E1E1 c1/e4 pr 1 - 
90 








Diploid with putatively recombinant 
mtDNA. Generated by crossing E1c1 
(JW1023 ) x C1e4  (JW1851) 
JW1950 C1 rho S1- 1 hr p1-
p96 
h C1 S1 p- ura3 a JW 23 





Petite generated from C1s1 (JW015) 
after EtBr treatment for 1 hour 
JW1951 C1 rho S1- 2.5 hr 
p1-p96 
h C1 S1 p- ura3 a JW 23 





Petite generated from C1s1 (JW015) 
after EtBr treatment for 2.5 hours 
JW1952 C1 rho S1- 8 hr p1-
p96 
h C1 S1 p- ura3 a JW 23 





Petite generated from C1s1 (JW015) 
after EtBr treatment for 8 hours 
JW1954 Y12 p- A p1-55 h C1 S1 p- ura3 a JW 24 






to by plate 
position 
Petite generated from C1s1 (JW015) 
after EtBr treatment for 2.5 hours 
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JW1955 Y12 p- B p1-50 h C1 S1 p- ura3 a JW 24 






to by plate 
position 
Petite generated from C1s1 (JW015) 
after EtBr treatment for 2.5 hours 
JW1956 Y12 p- C p1-80 h C1 S1 p- ura3 a JW 24 






to by plate 
position 
Petite generated from C1s1 (JW015) 
after EtBr treatment for 2.5 hours. 
***CAUTION**** Y12 p- C p19 is 
rho+. 
JW1957 Y12 p- D p1-94 h C1 S1 p- ura3 a JW 25 






to by plate 
position 
Petite generated from C1s1 (JW015) 
after EtBr treatment for 2.5 hours 
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JW1958 Y12 p- F p1-90 h C1 S1 p- ura3 a JW 25 






to by plate 
position 
Petite generated from C1s1 (JW015) 
after EtBr treatment for 2.5 hours 
JW1960 Y12 p- Tr+ p1-48 h C1 S1 p- ura3 a JW 25 





Consolidated petites from JW1954-1958 
that showed positive results for 
containing the causative mtDNA allele. 
***CAUTION****Y12 p- Tr+ p11 is 
a copy of Y12 p- C p19 and is rho+. 
JW1962 EHW460 h Lab Lab ade2, arg8Δ::URA3, 
leu2Δ, ura3-52, KAR1-1, 
cox3Δ::ARG8m 
x RAF2 2A Strain bearing a mitochondrial mutation 
available in the freezer collection 
JW1963 M1322 h Lab Lab ade1, op1, cob x RAF2 3A Strain bearing a mitochondrial mutation 
available in the freezer collection 
JW1964 NB63 h Lab Lab ade2, ura3, leu2, 
arg8Δ::URA3, KAR1-1, 
cox2-107 
x HLF15 G4 Strain bearing a mitochondrial mutation 
available in the freezer collection 
JW1965 HLF4-96 h Lab Lab ura3-52, ade2-101, trp1Δ, 
cox2-62 
x RAF2 2E Strain bearing a mitochondrial mutation 
available in the freezer collection 
JW1966 M10-50 h D273-
10B 
Lab cox1Δ x HLF10 H10 Strain bearing a mitochondrial mutation 
available in the freezer collection 
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a/x HLF10G6 Reference strain on MME arrays used in 
experiment to detect mito-mito 
epistasis. 
JW1971 SP15a1 rho 6 A H YJM975 273614N ura3Δ::KanMX-barcode 
hoΔ::HygR 






Strain Tables – 96 well plates 
Table G.2 Strain positions in 96 well freezer plates 
Plate: MME0 
Freezer Box: JW13 
Contents: Diploids created by crossing YJM975 nuclear YJM975 mtDNA to YJM975 nuclear ρ0 
Purpose: Establish baseline variation within diploids resulting from a cross, never actually used. 
Cross: SP15a1 to ML15x1UA 
Strain designations: JW1326 C1C1 c1/p0 pr1-96 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A pr1 pr2 pr3 pr4 pr5 pr6 pr7 pr8 pr9 pr10 pr11 pr12 
B pr13 pr14 pr15 pr16 pr17 pr18 pr19 pr20 pr21 pr22 pr23 pr24 
C pr25 pr26 pr27 pr28 pr29 pr30 pr31 pr32 pr33 pr34 pr35 pr36 
D pr37 pr38 pr39 pr40 pr41 pr42 pr43 pr44 pr45 pr46 pr47 pr48 
E pr49 pr50 pr51 pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 
F pr61 pr62 pr63 pr64 pr65 pr66 pr67 pr68 pr69 pr70 pr71 pr72 
G pr73 pr74 pr75 pr76 pr77 pr78 pr79 pr80 pr81 pr82 pr83 pr84 






Freezer Box: JW06 
Contents: Diploids created by crossing YJM975 nuclear YJM975 mtDNA to YJM975 nuclear YPS606 mtDNA 
Purpose: Generate diploids that may have recombinant mtDNA 
Cross: SP15a1 ρ27 to ML15x1UA 
Strain designations: JW618 C1C1 rho c1/e1 pr 1-96 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A pr1 pr 2 pr 3 pr 4 pr 5 pr 6 pr 7 pr 8 pr 9 pr 10 pr 11 pr 12 
B pr13 pr14 pr15 pr16 pr17 pr18 pr19 pr20 pr21 pr22 pr23 pr24 
C pr25 pr26 pr27 pr28 pr29 pr30 pr31 pr32 pr33 pr34 pr35 pr36 
D pr37 pr38 pr39 pr40 pr41 pr42 pr43 pr44 pr45 pr46 pr47 pr48 
E pr49 pr50 pr51 pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 
F pr61 pr62 pr63 pr64 pr65 pr66 pr67 pr68 pr69 pr70 pr71 pr72 
G pr73 pr74 pr75 pr76 pr77 pr78 pr79 pr80 pr81 pr82 pr83 pr84 






Freezer Box: JW11 
Contents: Diploids created by crossing YJM975 nuclear YJM975 mtDNA to YJM975 nuclear YPS606 mtDNA 
Purpose: Include control strains in plate for phenotyping using robot 
Cross: SP15a1 ρ27 to ML15x1UA 
Strain designations: JW618 C1C1 rho c1/e1 pr 1-96 plus controls 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A pr1 pr 2 pr 3 pr 4 pr 5 pr 6 pr 7 pr 8 pr 9 pr 10 pr 11 pr 12 
B pr13 pr14 pr15 pr16 pr17 pr18 pr19 pr20 pr21 pr22 pr23 pr24 
C pr25 pr26 pr27 pr28 pr29 pr30 pr31 pr32 pr33 pr34 pr35 pr36 
D pr37 pr38 pr39 pr40 pr41 pr42 pr43 pr44 pr45 pr46 pr47 pr48 
E pr49 pr50 pr51 pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 
F pr61 pr62 pr63 pr64 pr65 pr66 pr67 pr68 pr69 pr70 pr71 pr72 
G pr73 pr74 pr75 pr76 pr77 pr78 pr79 pr80 pr81 pr82 pr83 pr84 





Plate: MME Ph3 Array 1 Freezer Box: JW21 
Contents: Diploids created by crossing YJM975 nuclear YJM975 mtDNA to YJM975 YPS606 mtDNA 
Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 





























































































































































































































































































Plate: MME Ph3 Array 2 Freezer Box: JW21 Contents: Diploids created by crossing YJM975 nuclear YJM975 mtDNA to 
YJM975 YPS606 mtDNA Purpose: Base array that was phenotyped  
 





















































































































































































































































































































Freezer Box: JW06 
Contents: Diploids created by crossing YJM975 nuclear YJM975 mtDNA to YJM975 nuclear Y55 mtDNA 
Purpose: Generate diploids that may have recombinant mtDNA 
Cross: SP15a1 ρ9 to ML15x1UA 
Strain designations: JW546 C1C1 rho c1/e4 pr 1-64 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A pr1 pr 2 pr 3 pr 4 pr 5 pr 6 pr 7 pr 8 pr 9 pr 10 pr 11 pr 12 
B pr13 pr14 pr15 pr16 pr17 pr18 pr19 pr20 pr21 pr22 pr23 pr24 
C pr25 pr26 pr27 pr28 pr29 pr30 pr31 pr32 pr33 pr34 pr35 pr36 
D pr37 pr38 pr39 pr40 pr41 pr42 pr43 pr44 pr45 pr46 pr47 pr48 
E pr49 pr50 pr51 pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 
F pr61 pr62 pr63 pr64 empty empty empty empty empty empty empty empty 
G empty empty empty empty empty empty empty empty empty empty empty empty 






Freezer Box: JW12 
Contents: Diploids created by crossing YJM975 nuclear YJM975 mtDNA to YJM975 nuclear Y55 mtDNA 
Purpose: Add control strains to MME3 
Cross: SP15a1 ρ9 to ML15x1UA 
Strain designations: JW546 C1C1 rho c1/e4 pr 1-64 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A pr1 pr 2 pr 3 pr 4 pr 5 pr 6 pr 7 pr 8 pr 9 pr 10 pr 11 pr 12 
B pr13 pr14 pr15 pr16 pr17 pr18 pr19 pr20 pr21 pr22 pr23 pr24 
C pr25 pr26 pr27 pr28 pr29 pr30 pr31 pr32 pr33 pr34 pr35 pr36 
D pr37 pr38 pr39 pr40 pr41 pr42 pr43 pr44 pr45 pr46 pr47 pr48 
E pr49 pr50 pr51 pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 
F pr61 pr62 pr63 pr64 empty empty empty empty empty empty empty empty 
G empty empty empty empty empty empty empty empty empty empty empty empty 




C1C1 rho E4 control 
1 
C1C1 rho E4 control 
2 






Plate: MME Ph3 Array 3 Freezer Box: JW21 Contents: Diploids created by crossing YJM975 nuclear YJM975 mtDNA to 
YJM975 Y55 mtDNA Purpose: Base array that was phenotyped  
 





















































































































































































































































































































Freezer Box: JW11 
Contents: Diploids created by crossing YJM975 nuclear YJM975 mtDNA to YJM975 nuclear Y12 mtDNA 
Purpose: Generate diploids that may have recombinant mtDNA 
Cross: SP15a1 ρ26 to ML15x1UA 
Strain designations: JW448 C1C1 rho c1/s1 G1 d83 through JW491 C1C1 rho c1/s1 G1 d132 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A d50 d51 d52 d53 d54 d55 d56 d57 d58 d59 d60 d61 
B d62 d63 d64 d65 d66 d67 d68 d69 d70 d71 d72 d73 
C d74 d75 d76 d77 d78 d79 d80 d81 d83 d85 d86 d87 
D d88 d89 d90 d91 d92 d94 d95 d96 d97 d98 d99 d100 
E d101 d102 d103 d104 d105 d106 d107 d108 d109 d110 d111 d112 
F d113 d114 d115 d116 d117 d118 d119 d122 d123 d124 d126 d127 
G d128 d129 d130 d132 C1C1 rho C1 
control d1 
C1C1 rho C1 
control d2 
C1C1 rho S1 
control d1 
C1C1 rho S1 
control d2 
C1C1 rho S1 
control d3 
C1C1 rho S1 
control d4 
empty empty 




Plate: MME Ph3 Array 4 Freezer Box: JW22 Contents: Diploids created by crossing YJM975 nuclear YJM975 mtDNA to 
YJM975 Y12 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 

















































































































































































































































































Freezer Box: JW12 
Contents: Diploids created by crossing YJM975 nuclear YPS606 mtDNA to YJM975 nuclear Y55 mtDNA 
Purpose: Generate diploids that may have recombinant mtDNA 
Cross: SP15a1 ρ27 to 15x1 rho 9 A 
Strain designations: JW1555 C1C1 e1/e4 pr 1-90 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A pr1 pr2 pr3 pr4 pr5 pr6 pr7 pr8 pr9 pr10 pr11 pr12 
B pr13 pr14 pr15 pr16 pr17 pr18 pr19 pr20 pr21 pr22 pr23 pr24 
C pr25 pr26 pr27 pr28 pr29 pr30 pr31 pr32 pr33 pr34 pr35 pr36 
D pr37 pr38 pr39 pr40 pr41 pr42 pr43 pr44 pr45 pr46 pr47 pr48 
E pr49 pr50 pr51 pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 
F pr61 pr62 pr63 pr64 pr65 pr66 pr67 pr68 pr69 pr70 pr71 pr72 
G pr73 pr74 pr75 pr76 pr77 pr78 pr79 pr80 pr81 pr82 pr83 pr84 
H pr85 pr86 pr87 pr88 pr89 pr90 C1C1 rho E1 
control d1 
C1C1 rho E1 
control 2 
C1C1 rho E1 
control 3 
C1C1 rho E4 
control 1 
C1C1 rho E4 
control 2 






Plate: MME Ph3 Array 5 Freezer Box: JW22 Contents: Diploids created by crossing YJM975 nuclear YPS606 mtDNA to 
YJM975 nuclear Y55 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 






























































































































































































































































































Plate: MME Ph3 Array 6 Freezer Box: JW22 Contents: Diploids created by crossing YJM975 nuclear YPS606 mtDNA to 
YJM975 nuclear Y55 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 






























































































































































































































































































Freezer Box: JW08 
Contents: Diploids created by crossing YPS606 nuclear YPS606 mtDNA to YPS606 nuclear YJM975 mtDNA 
Purpose: Generate diploids that may have recombinant mtDNA 
Cross: SP27a1 ρ15 to ML27x1UA 
Strain designations: JW1038 E1E1 rho e1/c1 pr 1 – 90 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A pr1 pr2 pr3 pr4 pr5 pr6 pr7 pr8 pr9 pr10 pr11 pr12 
B pr13 pr14 pr15 pr16 pr17 pr18 pr19 pr20 pr21 pr22 pr23 pr24 
C pr25 pr26 pr27 pr28 pr29 pr30 pr31 pr32 pr33 pr34 pr35 pr36 
D pr37 pr38 pr39 pr40 pr41 pr42 pr43 pr44 pr45 pr46 pr47 pr48 
E pr49 pr50 pr51 pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 
F pr61 pr62 pr63 pr64 pr65 pr66 pr67 pr68 pr69 pr70 pr71 pr72 
G pr73 pr74 pr75 pr76 pr77 pr78 pr79 pr80 pr81 pr82 pr83 pr84 
H pr85 pr86 pr87 pr88 pr89 pr90 E1E1 rho e1 
control 1 
E1E1 rho e1 
control 2 
E1E1 rho e1 
control 3 
E1E1 rho c1 
control 1 
E1E1 rho c1 
control 2 







Freezer Box: JW13 
Contents: Diploids created by crossing YPS606 nuclear YPS606 mtDNA to YPS606 nuclear YJM975 mtDNA 
Purpose: Direct copy of MME5, in Nunc plate instead of Falcon 
Cross: SP27a1 ρ15 to ML27x1UA 
Strain designations: JW1038 E1E1 rho e1/c1 pr 1 – 90 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A pr1 pr2 pr3 pr4 pr5 pr6 pr7 pr8 pr9 pr10 pr11 pr12 
B pr13 pr14 pr15 pr16 pr17 pr18 pr19 pr20 pr21 pr22 pr23 pr24 
C pr25 pr26 pr27 pr28 pr29 pr30 pr31 pr32 pr33 pr34 pr35 pr36 
D pr37 pr38 pr39 pr40 pr41 pr42 pr43 pr44 pr45 pr46 pr47 pr48 
E pr49 pr50 pr51 pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 
F pr61 pr62 pr63 pr64 pr65 pr66 pr67 pr68 pr69 pr70 pr71 pr72 
G pr73 pr74 pr75 pr76 pr77 pr78 pr79 pr80 pr81 pr82 pr83 pr84 
H pr85 pr86 pr87 pr88 pr89 pr90 E1E1 rho e1 
control 1 
E1E1 rho e1 
control 2 
E1E1 rho e1 
control 3 
E1E1 rho c1 
control 1 
E1E1 rho c1 
control 2 





Plate: MME Ph3 Array 7 Freezer Box: JW15 Contents: Diploids created by crossing YPS606 nuclear YPS606 mtDNA to YPS606 
nuclear YJM975 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 






































































































































































































































































Plate: MME Ph3 Array 8 Freezer Box: JW16 Contents: Diploids created by crossing YPS606 nuclear YPS606 mtDNA to YPS606 
nuclear YJM975 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 



































































































































































































































































































































Freezer Box: JW09 
Contents: Diploids created by crossing YPS606 nuclear YPS606 mtDNA to YPS606 nuclear Y55 mtDNA 
Purpose: Generate diploids that may have recombinant mtDNA 
Cross: SP27a1 ρ9 to ML27x1UA 
Strain designations: JW1134 E1E1 rho e1/e4 pr 1-90 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A pr1 pr2 pr3 pr4 pr5 pr6 pr7 pr8 pr9 pr10 pr11 pr12 
B pr13 pr14 pr15 pr16 pr17 pr18 pr19 pr20 pr21 pr22 pr23 pr24 
C pr25 pr26 pr27 pr28 pr29 pr30 pr31 pr32 pr33 pr34 pr35 pr36 
D pr37 pr38 pr39 pr40 pr41 pr42 pr43 pr44 pr45 pr46 pr47 pr48 
E pr49 pr50 pr51 pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 
F pr61 pr62 pr63 pr64 pr65 pr66 pr67 pr68 pr69 pr70 pr71 pr72 
G pr73 pr74 pr75 pr76 pr77 pr78 pr79 pr80 pr81 pr82 pr83 pr84 
H pr85 pr86 pr87 pr88 pr89 pr90 E1E1 rho e1 
control 1 
E1E1 rho e1 
control 2 
E1E1 rho e1 
control 3 
E1E1 rho e4 
control 1 
E1E1 rho e4 
control 2 







Freezer Box: JW14 
Contents: Diploids created by crossing YPS606 nuclear YPS606 mtDNA to YPS606 nuclear Y55 mtDNA 
Purpose: Exact copy of MME6 in Nunc plate 
Cross: SP27a1 ρ9 to ML27x1UA 
Strain designations: JW1134 E1E1 rho e1/e4 pr 1-90 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A pr1 pr2 pr3 pr4 pr5 pr6 pr7 pr8 pr9 pr10 pr11 pr12 
B pr13 pr14 pr15 pr16 pr17 pr18 pr19 pr20 pr21 pr22 pr23 pr24 
C pr25 pr26 pr27 pr28 pr29 pr30 pr31 pr32 pr33 pr34 pr35 pr36 
D pr37 pr38 pr39 pr40 pr41 pr42 pr43 pr44 pr45 pr46 pr47 pr48 
E pr49 pr50 pr51 pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 
F pr61 pr62 pr63 pr64 pr65 pr66 pr67 pr68 pr69 pr70 pr71 pr72 
G pr73 pr74 pr75 pr76 pr77 pr78 pr79 pr80 pr81 pr82 pr83 pr84 
H pr85 pr86 pr87 pr88 pr89 pr90 E1E1 rho e1 
control 1 
E1E1 rho e1 
control 2 
E1E1 rho e1 
control 3 
E1E1 rho e4 
control 1 
E1E1 rho e4 
control 2 






Plate: MME Ph3 Array 9 Freezer Box: JW16 Contents: Diploids created by crossing YPS606 nuclear YPS606 mtDNA to YPS606 
nuclear Y55 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 




















































































































































































































































































Plate: MME Ph3 Array 10 Freezer Box: JW16 Contents: Diploids created by crossing YPS606 nuclear YPS606 mtDNA to YPS606 
nuclear Y55 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 



































































































































































































































































































































Freezer Box: JW09 
Contents: Diploids created by crossing YPS606 nuclear YPS606 mtDNA to YPS606 nuclear Y12 mtDNA 
Purpose: Generate diploids that may have recombinant mtDNA 
Cross: SP27a1 ρ26 to ML27x1UA 
Strain designations: JW1230 E1E1 rho e1/s1 pr 1-90 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A pr1 pr2 pr3 pr4 pr5 pr6 pr7 pr8 pr9 pr10 pr11 pr12 
B pr13 pr14 pr15 pr16 pr17 pr18 pr19 pr20 pr21 pr22 pr23 pr24 
C pr25 pr26 pr27 pr28 pr29 pr30 pr31 pr32 pr33 pr34 pr35 pr36 
D pr37 pr38 pr39 pr40 pr41 pr42 pr43 pr44 pr45 pr46 pr47 pr48 
E pr49 pr50 pr51 pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 
F pr61 pr62 pr63 pr64 pr65 pr66 pr67 pr68 pr69 pr70 pr71 pr72 
G pr73 pr74 pr75 pr76 pr77 pr78 pr79 pr80 pr81 pr82 pr83 pr84 
H pr85 pr86 pr87 pr88 pr89 pr90 E1E1 rho e1 
control 1 
E1E1 rho e1 
control 2 
E1E1 rho e1 
control 3 
E1E1 rho s1 
control 1 
E1E1 rho s1 
control 2 







Freezer Box: JW14 
Contents: Diploids created by crossing YPS606 nuclear YPS606 mtDNA to YPS606 nuclear Y12 mtDNA 
Purpose: Copy of MME7 in Nunc plate 
Cross: SP27a1 ρ26 to ML27x1UA 
Strain designations: JW1230 E1E1 rho e1/s1 pr 1-90 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A pr1 pr2 pr3 pr4 pr5 pr6 pr7 pr8 pr9 pr10 pr11 pr12 
B pr13 pr14 pr15 pr16 pr17 pr18 pr19 pr20 pr21 pr22 pr23 pr24 
C pr25 pr26 pr27 pr28 pr29 pr30 pr31 pr32 pr33 pr34 pr35 pr36 
D pr37 pr38 pr39 pr40 pr41 pr42 pr43 pr44 pr45 pr46 pr47 pr48 
E pr49 pr50 pr51 pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 
F pr61 pr62 pr63 pr64 pr65 pr66 pr67 pr68 pr69 pr70 pr71 pr72 
G pr73 pr74 pr75 pr76 pr77 pr78 pr79 pr80 pr81 pr82 pr83 pr84 
H pr85 pr86 pr87 pr88 pr89 pr90 E1E1 rho e1 
control 1 
E1E1 rho e1 
control 2 
E1E1 rho e1 
control 3 
E1E1 rho s1 
control 1 
E1E1 rho s1 
control 2 






Plate: MME Ph3 Array 11 Freezer Box: JW17 Contents: Diploids created by crossing YPS606 nuclear YPS606 mtDNA to YPS606 
nuclear Y12 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 






































































































































































































































































Plate: MME Ph3 Array 12 Freezer Box: JW17 Contents: Diploids created by crossing YPS606 nuclear YPS606 mtDNA to YPS606 
nuclear Y12 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 



































































































































































































































































































































Freezer Box: JW15 
Contents: Diploids created by crossing YPS606 nuclear YJM975 mtDNA to YPS606 nuclear Y55 mtDNA 
Purpose: Generate diploids that may have recombinant mtDNA 
Cross: SP27a1 ρ15 to 27x1 rho 9 E1 
Strain designations: JW1856 E1E1 rho c1/e4 pr 1 - 90 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A pr1 pr2 pr3 pr4 pr5 pr6 pr7 pr8 pr9 pr10 pr11 pr12 
B pr13 pr14 pr15 pr16 pr17 pr18 pr19 pr20 pr21 pr22 pr23 pr24 
C pr25 pr26 pr27 pr28 pr29 pr30 pr31 pr32 pr33 pr34 pr35 pr36 
D pr37 pr38 pr39 pr40 pr41 pr42 pr43 pr44 pr45 pr46 pr47 pr48 
E pr49 pr50 pr51 pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 
F pr61 pr62 pr63 pr64 pr65 pr66 pr67 pr68 pr69 pr70 pr71 pr72 
G pr73 pr74 pr75 pr76 pr77 pr78 pr79 pr80 pr81 pr82 pr83 pr84 
H pr85 pr86 pr87 pr88 pr89 pr90 E1E1 rho C1 
control 1 
E1E1 rho C1 
control 2 
E1E1 rho C1 
control 3 
E1E1 rho E4 
control 1 
E1E1 rho E4 
control 2 






Plate: MME Ph3 Array 13 Freezer Box: JW17 Contents: Diploids created by crossing YPS606 nuclear YJM975 mtDNA to YPS606 
nuclear Y55 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 






































































































































































































































































Plate: MME Ph3 Array 14 Freezer Box: JW18 Contents: Diploids created by crossing YPS606 nuclear YJM975 mtDNA to YPS606 
nuclear Y55 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 



























































































































































































































































































Freezer Box: JW07 
Contents: Diploids created by crossing Y55 nuclear Y55 mtDNA to Y55 nuclear YJM975 mtDNA 
Purpose: Generate diploids that may have recombinant mtDNA 
Cross: SP9a1 ρ15 to ML9x1UA 
Strain designations: JW732 E4E4 rho e4/c1 pr 1 - 96 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A pr1 pr2 pr3 pr4 pr5 pr6 pr7 pr8 pr9 pr10 pr11 pr12 
B pr13 pr14 pr15 pr16 pr17 pr18 pr19 pr20 pr21 pr22 pr23 pr24 
C pr25 pr26 pr27 pr28 pr29 pr30 pr31 pr32 pr33 pr34 pr35 pr36 
D pr37 pr38 pr39 pr40 pr41 pr42 pr43 pr44 pr45 pr46 pr47 pr48 
E pr49 pr50 pr51 pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 
F pr61 pr62 pr63 pr64 pr65 pr66 pr67 pr68 pr69 pr70 pr71 pr72 
G pr73 pr74 pr75 pr76 pr77 pr78 pr79 pr80 pr81 pr82 pr83 pr84 






Freezer Box: JW10 
Contents: Diploids created by crossing Y55 nuclear Y55 mtDNA to Y55 nuclear YJM975 mtDNA 
Purpose: Copy of MME9 in Nunc plate with controls 
Cross: SP9a1 ρ15 to ML9x1UA 
Strain designations: JW732 E4E4 rho e4/c1 pr 1 - 96 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A pr1 pr2 pr3 pr4 pr5 pr6 pr7 pr8 pr9 pr10 pr11 pr12 
B pr13 pr14 pr15 pr16 pr17 pr18 pr19 pr20 pr21 pr22 pr23 pr24 
C pr25 pr26 pr27 pr28 pr29 pr30 pr31 pr32 pr33 pr34 pr35 pr36 
D pr37 pr38 pr39 pr40 pr41 pr42 pr43 pr44 pr45 pr46 pr47 pr48 
E pr49 pr50 pr51 pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 
F pr61 pr62 pr63 pr64 pr65 pr66 pr67 pr68 pr69 pr70 pr71 pr72 
G pr73 pr74 pr75 pr76 pr77 pr78 pr79 pr80 pr81 pr82 pr83 pr84 
H pr85 pr86 pr87 pr88 pr89 pr90 E4E4 rho E4 
control 1 
E4E4 rho E4 
control 2 
E4E4 rho E4 
control 3 
E4E4 rho C1 
control 1 
E4E4 rho C1 
control 2 






Plate: MME Ph3 Array 15 Freezer Box: JW19 Contents: Diploids created by crossing Y55 nuclear Y55 mtDNA to Y55 nuclear 
YJM975 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 






































































































































































































































































Plate: MME Ph3 Array 16 Freezer Box: JW19 Contents: Diploids created by crossing Y55 nuclear Y55 mtDNA to Y55 nuclear 
YJM975 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 



























































































































































































































































































Freezer Box: JW08 
Contents: Diploids created by crossing Y55 nuclear Y55 mtDNA to Y55 nuclear YPS606 mtDNA 
Purpose: Generate diploids that may have recombinant mtDNA 
Cross: SP9a1 ρ27 to ML9x1UA 
Strain designations: JW924 E4E4 rho e4/e1 pr 1 - 96 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A pr1 pr2 pr3 pr4 pr5 pr6 pr7 pr8 pr9 pr10 pr11 pr12 
B pr13 pr14 pr15 pr16 pr17 pr18 pr19 pr20 pr21 pr22 pr23 pr24 
C pr25 pr26 pr27 pr28 pr29 pr30 pr31 pr32 pr33 pr34 pr35 pr36 
D pr37 pr38 pr39 pr40 pr41 pr42 pr43 pr44 pr45 pr46 pr47 pr48 
E pr49 pr50 pr51 pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 
F pr61 pr62 pr63 pr64 pr65 pr66 pr67 pr68 pr69 pr70 pr71 pr72 
G pr73 pr74 pr75 pr76 pr77 pr78 pr79 pr80 pr81 pr82 pr83 pr84 






Freezer Box: JW08 
Contents: Diploids created by crossing Y55 nuclear Y55 mtDNA to Y55 nuclear YPS606 mtDNA 
Purpose: Copy of MME10 in Nunc plate with controls 
Cross: SP9a1 ρ27 to ML9x1UA 
Strain designations: JW924 E4E4 rho e4/e1 pr 1 - 96 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A pr1 pr2 pr3 pr4 pr5 pr6 pr7 pr8 pr9 pr10 pr11 pr12 
B pr13 pr14 pr15 pr16 pr17 pr18 pr19 pr20 pr21 pr22 pr23 pr24 
C pr25 pr26 pr27 pr28 pr29 pr30 pr31 pr32 pr33 pr34 pr35 pr36 
D pr37 pr38 pr39 pr40 pr41 pr42 pr43 pr44 pr45 pr46 pr47 pr48 
E pr49 pr50 pr51 pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 
F pr61 pr62 pr63 pr64 pr65 pr66 pr67 pr68 pr69 pr70 pr71 pr72 
G pr73 pr74 pr75 pr76 pr77 pr78 pr79 pr80 pr81 pr82 pr83 pr84 
H pr85 pr86 pr87 pr88 pr89 pr90 E4E4 rho E4 
Control 1 
E4E4 rho E4 
control 2 
E4E4 rho E4 
control 3 
E4E4 rho E1 
control 1 
E4E4 rho E1 
control 2 






Plate: MME Ph3 Array 17 Freezer Box: JW19 Contents: Diploids created by crossing Y55 nuclear Y55 mtDNA to Y55 nuclear 
YPS606 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 




















































































































































































































































































Plate: MME Ph3 Array 18 Freezer Box: JW18 Contents: Diploids created by crossing Y55 nuclear Y55 mtDNA to Y55 nuclear 
YPS606 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 



























































































































































































































































































Freezer Box: JW08 
Contents: Diploids created by crossing Y55 nuclear Y55 mtDNA to Y55 nuclear Y12 mtDNA 
Purpose: Generate diploids that may have recombinant mtDNA 
Cross: SP9a1 ρ26 to ML9x1UA 
Strain designations: JW828 E4E4 rho e4/s1 pr 1 - 96 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A pr1 pr2 pr3 pr4 pr5 pr6 pr7 pr8 pr9 pr10 pr11 pr12 
B pr13 pr14 pr15 pr16 pr17 pr18 pr19 pr20 pr21 pr22 pr23 pr24 
C pr25 pr26 pr27 pr28 pr29 pr30 pr31 pr32 pr33 pr34 pr35 pr36 
D pr37 pr38 pr39 pr40 pr41 pr42 pr43 pr44 pr45 pr46 pr47 pr48 
E pr49 pr50 pr51 pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 
F pr61 pr62 pr63 pr64 pr65 pr66 pr67 pr68 pr69 pr70 pr71 pr72 
G pr73 pr74 pr75 pr76 pr77 pr78 pr79 pr80 pr81 pr82 pr83 pr84 






Freezer Box: JW10 
Contents: Diploids created by crossing Y55 nuclear Y55 mtDNA to Y55 nuclear Y12 mtDNA 
Purpose: Copy of MME11 in Nunc plate with controls 
Cross: SP9a1 ρ26 to ML9x1UA 
Strain designations: JW828 E4E4 rho e4/s1 pr 1 - 96 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A pr1 pr2 pr3 pr4 pr5 pr6 pr7 pr8 pr9 pr10 pr11 pr12 
B pr13 pr14 pr15 pr16 pr17 pr18 pr19 pr20 pr21 pr22 pr23 pr24 
C pr25 pr26 pr27 pr28 pr29 pr30 pr31 pr32 pr33 pr34 pr35 pr36 
D pr37 pr38 pr39 pr40 pr41 pr42 pr43 pr44 pr45 pr46 pr47 pr48 
E pr49 pr50 pr51 pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 
F pr61 pr62 pr63 pr64 pr65 pr66 pr67 pr68 pr69 pr70 pr71 pr72 
G pr73 pr74 pr75 pr76 pr77 pr78 pr79 pr80 pr81 pr82 pr83 pr84 
H pr85 pr86 pr87 pr88 pr89 pr90 E4E4 rho E4 
control 1 
E4E4 rho E4 
control 2 
E4E4 rho E4 
control 3 
E4E4 rho S1 
control 1 
E4E4 rho S1 
control 2 






Plate: MME Ph3 Array 19 Freezer Box: JW18 Contents: Diploids created by crossing Y55 nuclear Y55 mtDNA to Y55 nuclear 
Y12 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 






































































































































































































































































Plate: MME Ph3 Array 20 Freezer Box: JW20 Contents: Diploids created by crossing Y55 nuclear Y55 mtDNA to Y55 nuclear 
Y12 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 



























































































































































































































































































Freezer Box: JW12 
Contents: Diploids created by crossing Y55 nuclear YJM975 mtDNA to Y55 nuclear YPS606 mtDNA 
Purpose: Generate diploids that may have recombinant mtDNA 
Cross: SP9a1 ρ15 to 9x1 rho 27 A 
Strain designations: JW1761 E4E4 rho c1/e1 pr 1-90 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A pr1 pr2 pr3 pr4 pr5 pr6 pr7 pr8 pr9 pr10 pr11 pr12 
B pr13 pr14 pr15 pr16 pr17 pr18 pr19 pr20 pr21 pr22 pr23 pr24 
C pr25 pr26 pr27 pr28 pr29 pr30 pr31 pr32 pr33 pr34 pr35 pr36 
D pr37 pr38 pr39 pr40 pr41 pr42 pr43 pr44 pr45 pr46 pr47 pr48 
E pr49 pr50 pr51 pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 
F pr61 pr62 pr63 pr64 pr65 pr66 pr67 pr68 pr69 pr70 pr71 pr72 
G pr73 pr74 pr75 pr76 pr77 pr78 pr79 pr80 pr81 pr82 pr83 pr84 
H pr85 pr86 pr87 pr88 pr89 pr90 E4E4 rho C1 
control 1 
E4E4 rho C1 
control 2 
E4E4 rho C1 
control 3 
E4E4 rho E1 
control 1 
E4E4 rho E1 
control 2 






Plate: MME Ph3 Array 21 Freezer Box: JW20 Contents: Diploids created by crossing Y55 nuclear YJM975 mtDNA to Y55 
nuclear YPS606 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 






































































































































































































































































Plate: MME Ph3 Array 22 Freezer Box: JW20 Contents: Diploids created by crossing Y55 nuclear YJM975 mtDNA to Y55 
nuclear YPS606 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 


























































































































































































































































































Plate: MME Ph3 Array 23 Freezer Box: JW26 Contents: Diploids created by crossing YPS606 nuclear YPS606 mtDNA to YPS606 
nuclear YJM975 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 











































































































































































































Plate: MME Ph3 Array 24 Freezer Box: JW26 Contents: Diploids created by crossing YPS606 nuclear YPS606 mtDNA to YPS606 
nuclear Y55 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 











































































































































































































Plate: MME Ph3 Array 25 Freezer Box: JW27 Contents: Diploids created by crossing YPS606 nuclear YPS606 mtDNA to YPS606 
nuclear Y12 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 











































































































































































































Plate: MME Ph3 Array 26 Freezer Box: JW27 Contents: Diploids created by crossing YPS606 nuclear YPS606 mtDNA to YPS606 
nuclear Y55 mtDNA Purpose: Base array that was phenotyped  
 
1 2 3 4 5 6 7 8 9 10 11 12 












































































































































































































Freezer Box: JW23 
Contents: Petite strains generated from JW15a1 ρ26 1A after 1 hour of EtBr treatment. Individual colonies were picked from the 
same culture based on growth on YPDG. Colonies were chosen by eye and picked by hand using toothpicks 
Purpose: Generate petites that can be used to map the temperature resistance allele(s) in the Y12 mtDNA. 
Strain designations: JW1950 C1 rho S1- 1 hr p1-p96 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A C1 rho 
S1- 1hr p1 
C1 rho 
S1- 1hr p2 
C1 rho 
S1- 1hr p3 
C1 rho 
S1- 1hr p4 
C1 rho 
S1- 1hr p5 
C1 rho 
S1- 1hr p6 
C1 rho 
S1- 1hr p7 
C1 rho 
S1- 1hr p8 
C1 rho 






























































































































































S1- 1hr 62 
C1 rho 
S1- 1hr 63 
C1 rho 
S1- 1hr 64 
C1 rho 
S1- 1hr 65 
C1 rho 
S1- 1hr 66 
C1 rho 
S1- 1hr 67 
C1 rho 
S1- 1hr 68 
C1 rho 
S1- 1hr 69 
C1 rho 
S1- 1hr 70 
C1 rho 
S1- 1hr 71 
C1 rho 
S1- 1hr 72 




S1- 1hr 74 
C1 rho 
S1- 1hr 75 
C1 rho 
S1- 1hr 76 
C1 rho 
S1- 1hr 77 
C1 rho 
S1- 1hr 78 
C1 rho 
S1- 1hr 79 
C1 rho 
S1- 1hr 80 
C1 rho 
S1- 1hr 81 
C1 rho 
S1- 1hr 82 
C1 rho 
S1- 1hr 83 
C1 rho 
S1- 1hr 84 
343 
 




S1- 1hr 86 
C1 rho 
S1- 1hr 87 
C1 rho 
S1- 1hr 88 
C1 rho 
S1- 1hr 89 
C1 rho 
S1- 1hr 90 
C1 rho 
S1- 1hr 91 
C1 rho 
S1- 1hr 92 
C1 rho 
S1- 1hr 93 
C1 rho 
S1- 1hr 94 
C1 rho 
S1- 1hr 95 
C1 rho 





Freezer Box: JW23 
Contents: Petite strains generated from JW15a1 ρ26 1A after 2.5 hours of EtBr treatment. Individual colonies were picked from the 
same culture based on growth on YPDG. Colonies were chosen by eye and picked by hand using toothpicks 
Purpose: Generate petites that can be used to map the temperature resistance allele(s) in the Y12 mtDNA. 
Strain designations: JW1951 C1 rho S1- 2.5 hr p1-p96 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A C1 rho S1- 
2.5 hr p1 
C1 rho S1- 
2.5 hr p2 
C1 rho S1- 
2.5 hr p3 
C1 rho S1- 
2.5 hr p4 
C1 rho S1- 
2.5 hr p5 
C1 rho S1- 
2.5 hr p6 
C1 rho S1- 
2.5 hr p7 
C1 rho S1- 
2.5 hr p8 
C1 rho S1- 
2.5 hr p9 
C1 rho S1- 
2.5 hr p10 
C1 rho S1- 
2.5 hr p11 
C1 rho 
S1- 2.5 hr 
p12 
B C1 rho S1- 
2.5 hr p13 
C1 rho S1- 
2.5 hr p14 
C1 rho S1- 
2.5 hr p15 
C1 rho S1- 
2.5 hr p16 
C1 rho S1- 
2.5 hr p17 
C1 rho S1- 
2.5 hr p18 
C1 rho S1- 
2.5 hr p19 
C1 rho S1- 
2.5 hr p20 
C1 rho S1- 
2.5 hr p21 
C1 rho S1- 
2.5 hr p22 
C1 rho S1- 
2.5 hr p23 
C1 rho 
S1- 2.5 hr 
p24 
C C1 rho S1- 
2.5 hr p25 
C1 rho S1- 
2.5 hr p26 
C1 rho S1- 
2.5 hr p27 
C1 rho S1- 
2.5 hr p28 
C1 rho S1- 
2.5 hr p29 
C1 rho S1- 
2.5 hr p30 
C1 rho S1- 
2.5 hr p31 
C1 rho S1- 
2.5 hr p32 
C1 rho S1- 
2.5 hr p33 
C1 rho S1- 
2.5 hr p34 
C1 rho S1- 
2.5 hr p35 
C1 rho 
S1- 2.5 hr 
p36 
D C1 rho S1- 
2.5 hr p37 
C1 rho S1- 
2.5 hr p38 
C1 rho S1- 
2.5 hr p39 
C1 rho S1- 
2.5 hr p40 
C1 rho S1- 
2.5 hr p41 
C1 rho S1- 
2.5 hr p42 
C1 rho S1- 
2.5 hr p43 
C1 rho S1- 
2.5 hr p44 
C1 rho S1- 
2.5 hr p45 
C1 rho S1- 
2.5 hr p46 
C1 rho S1- 
2.5 hr p47 
C1 rho 
S1- 2.5 hr 
p48 
E C1 rho S1- 
2.5 hr p49 
C1 rho S1- 
2.5 hr p50 
C1 rho S1- 
2.5 hr p51 
C1 rho S1- 
2.5 hr p52 
C1 rho S1- 
2.5 hr p53 
C1 rho S1- 
2.5 hr p54 
C1 rho S1- 
2.5 hr p55 
C1 rho S1- 
2.5 hr p56 
C1 rho S1- 
2.5 hr p57 
C1 rho S1- 
2.5 hr p58 
C1 rho S1- 
2.5 hr p59 
C1 rho 
S1- 2.5 hr 
p60 
F C1 rho S1- 
2.5 hr p61 
C1 rho S1- 
2.5 hr 62 
C1 rho S1- 
2.5 hr 63 
C1 rho S1- 
2.5 hr 64 
C1 rho S1- 
2.5 hr 65 
C1 rho S1- 
2.5 hr 66 
C1 rho S1- 
2.5 hr 67 
C1 rho S1- 
2.5 hr 68 
C1 rho S1- 
2.5 hr 69 
C1 rho S1- 
2.5 hr 70 
C1 rho S1- 
2.5 hr 71 
C1 rho 
S1- 2.5 hr 
72 
G C1 rho S1- 
2.5 hr p73 
C1 rho S1- 
2.5 hr 74 
C1 rho S1- 
2.5 hr 75 
C1 rho S1- 
2.5 hr 76 
C1 rho S1- 
2.5 hr 77 
C1 rho S1- 
2.5 hr 78 
C1 rho S1- 
2.5 hr 79 
C1 rho S1- 
2.5 hr 80 
C1 rho S1- 
2.5 hr 81 
C1 rho S1- 
2.5 hr 82 
C1 rho S1- 
2.5 hr 83 
C1 rho 




H C1 rho S1- 
2.5 hr p85 
C1 rho S1- 
2.5 hr 86 
C1 rho S1- 
2.5 hr 87 
C1 rho S1- 
2.5 hr 88 
C1 rho S1- 
2.5 hr 89 
C1 rho S1- 
2.5 hr 90 
C1 rho S1- 
2.5 hr 91 
C1 rho S1- 
2.5 hr 92 
C1 rho S1- 
2.5 hr 93 
C1 rho S1- 
2.5 hr 94 
C1 rho S1- 
2.5 hr 95 
C1 rho 







Freezer Box: JW23 
Contents: Petite strains generated from JW15a1 ρ26 1A after 8 hours of EtBr treatment. Individual colonies were picked from the 
same culture based on growth on YPDG. Colonies were chosen by eye and picked by hand using toothpicks 
Purpose: Generate petites that can be used to map the temperature resistance allele(s) in the Y12 mtDNA. 
Strain designations: JW1952 C1 rho S1- 8 hr p1-p96 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A C1 rho S1- 
8 hr p1 
C1 rho S1- 
8 hr p2 
C1 rho S1- 
8 hr p3 
C1 rho S1- 
8 hr p4 
C1 rho S1- 
8 hr p5 
C1 rho S1- 
8 hr p6 
C1 rho S1- 
8 hr p7 
C1 rho S1- 
8 hr p8 
C1 rho S1- 
8 hr p9 
C1 rho S1- 
8 hr p10 
C1 rho S1- 
8 hr p11 
C1 rho 
S1- 8 hr 
p12 
B C1 rho S1- 
8 hr p13 
C1 rho S1- 
8 hr p14 
C1 rho S1- 
8 hr p15 
C1 rho S1- 
8 hr p16 
C1 rho S1- 
8 hr p17 
C1 rho S1- 
8 hr p18 
C1 rho S1- 
8 hr p19 
C1 rho S1- 
8 hr p20 
C1 rho S1- 
8 hr p21 
C1 rho S1- 
8 hr p22 
C1 rho S1- 
8 hr p23 
C1 rho 
S1- 8 hr 
p24 
C C1 rho S1- 
8 hr p25 
C1 rho S1- 
8 hr p26 
C1 rho S1- 
8 hr p27 
C1 rho S1- 
8 hr p28 
C1 rho S1- 
8 hr p29 
C1 rho S1- 
8 hr p30 
C1 rho S1- 
8 hr p31 
C1 rho S1- 
8 hr p32 
C1 rho S1- 
8 hr p33 
C1 rho S1- 
8 hr p34 
C1 rho S1- 
8 hr p35 
C1 rho 
S1- 8 hr 
p36 
D C1 rho S1- 
8 hr p37 
C1 rho S1- 
8 hr p38 
C1 rho S1- 
8 hr p39 
C1 rho S1- 
8 hr p40 
C1 rho S1- 
8 hr p41 
C1 rho S1- 
8 hr p42 
C1 rho S1- 
8 hr p43 
C1 rho S1- 
8 hr p44 
C1 rho S1- 
8 hr p45 
C1 rho S1- 
8 hr p46 
C1 rho S1- 
8 hr p47 
C1 rho 
S1- 8 hr 
p48 
E C1 rho S1- 
8 hr p49 
C1 rho S1- 
8 hr p50 
C1 rho S1- 
8 hr p51 
C1 rho S1- 
8 hr p52 
C1 rho S1- 
8 hr p53 
C1 rho S1- 
8 hr p54 
C1 rho S1- 
8 hr p55 
C1 rho S1- 
8 hr p56 
C1 rho S1- 
8 hr p57 
C1 rho S1- 
8 hr p58 
C1 rho S1- 
8 hr p59 
C1 rho 
S1- 8 hr 
p60 
F C1 rho S1- 
8 hr p61 
C1 rho S1- 
8 hr p62 
C1 rho S1- 
8 hr p63 
C1 rho S1- 
8 hr p64 
C1 rho S1- 
8 hr p65 
C1 rho S1- 
8 hr p66 
C1 rho S1- 
8 hr p67 
C1 rho S1- 
8 hr p68 
C1 rho S1- 
8 hr p69 
C1 rho S1- 
8 hr p70 
C1 rho S1- 
8 hr p71 
C1 rho 
S1- 8 hr 
p72 
G C1 rho S1- 
8 hr p73 
C1 rho S1- 
8 hr p74 
C1 rho S1- 
8 hr p75 
C1 rho S1- 
8 hr p76 
C1 rho S1- 
8 hr p77 
C1 rho S1- 
8 hr p78 
C1 rho S1- 
8 hr p79 
C1 rho S1- 
8 hr p80 
C1 rho S1- 
8 hr p81 
C1 rho S1- 
8 hr p82 
C1 rho S1- 
8 hr p83 
C1 rho 




H C1 rho S1- 
8 hr p85 
C1 rho S1- 
8 hr p86 
C1 rho S1- 
8 hr p87 
C1 rho S1- 
8 hr p88 
C1 rho S1- 
8 hr p89 
C1 rho S1- 
8 hr p90 
C1 rho S1- 
8 hr p91 
C1 rho S1- 
8 hr p92 
C1 rho S1- 
8 hr p93 
C1 rho S1- 
8 hr p94 
C1 rho S1- 
8 hr p95 
C1 rho 







Freezer Box: JW24 
Contents: Petite strains generated from JW15a1 ρ26 1A after 2.5 hours of EtBr treatment. Individual colonies were picked from the 
same culture based on growth on YPDG by the robot. 
Purpose: Generate petites that can be used to map the temperature resistance allele(s) in the Y12 mtDNA. 
Strain designations: JW1954 Y12 p- A p1-55 
Wells that showed unexpected growth patterns were avoided. 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A Y12 p- A 
p1 
Y12 p- A 
p2 
avoid Y12 p- A 
p3 
Y12 p- A 
p4 
Y12 p- A 
p5 
empty empty Y12 p- A 
p6 
avoid avoid Y12 p- A 
p7 
B empty Y12 p- A 
p8 
Y12 p- A 
p9 
empty Y12 p- A 
p10 
empty Y12 p- A 
p11 
Y12 p- A 
p12 
empty empty empty Y12 p- A 
p13 
C Y12 p- A 
p14 
empty Y12 p- A 
p15 
Y12 p- A 
p16 
Y12 p- A 
p17 
empty Y12 p- A 
p18 
empty empty Y12 p- A 
p19 
Y12 p- A 
p20 
Y12 p- A 
p21 
D empty Y12 p- A 
p22 
Y12 p- A 
p23 
Y12 p- A 
p24 
Y12 p- A 
p25 
empty Y12 p- A 
p26 
Y12 p- A 
p27 
empty Y12 p- A 
p28 
Y12 p- A 
p29 
Y12 p- A 
p30 
E Y12 p- A 
p31 
Y12 p- A 
p32 
Y12 p- A 
p33 
Y12 p- A 
p34 
Y12 p- A 
p35 
Y12 p- A 
p36 
Y12 p- A 
p37 
avoid empty avoid empty empty 
F Y12 p- A 
p38 
empty empty Y12 p- A 
p39 
Y12 p- A 
p40 
Y12 p- A 
p41 
avoid empty empty empty empty Y12 p- A 
p42 
G Y12 p- A 
p43 
empty Y12 p- A 
p44 
avoid avoid  Y12 p- A 
p45 
avoid avoid Y12 p- A 
p46 
Y12 p- A 
p47 
Y12 p- A 
p48 
Y12 p- A 
p49 
H empty Y12 p- A 
p50 
empty avoid Y12 p- A 
p51 
Y12 p- A 
p52 
empty Y12 p- A 
p53 
Y12 p- A 
p54 







Freezer Box: JW24 
Contents: Petite strains generated from JW15a1 ρ26 1A after 2.5 hours of EtBr treatment. Individual colonies were picked from the 
same culture based on growth on YPDG by the robot. 
Purpose: Generate petites that can be used to map the temperature resistance allele(s) in the Y12 mtDNA. 
Strain designations: JW1955 Y12 p- B p1-50 
Wells that showed unexpected growth patterns were avoided. 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A empty avoid Y12 p- B 
p1 
Y12 p- B 
p2 
Y12 p- B 
p3 
empty Y12 p- B 
p4 
empty Y12 p- B 
p5 
Y12 p- B 
p6 
Y12 p- B 
p7 
Y12 p- B 
p8 
B Y12 p- B 
p9 
empty Y12 p- B 
p10 
Y12 p- B 
p11 
Y12 p- B 
p12 
Y12 p- B 
p13 
empty Y12 p- B 
p14 
Y12 p- B 
p15 
empty Y12 p- B 
p16 
Y12 p- B 
p17 
C empty Y12 p- B 
p18 
empty Y12 p- B 
p19 
empty empty Y12 p- B 
p20 
avoid empty Y12 p- B 
p21 
empty Y12 p- B 
p22 
D empty avoid Y12 p- B 
p23 
empty empty empty empty Y12 p- B 
p24 
Y12 p- B 
p25 
empty empty empty 
E Y12 p- B 
p26 
avoid Y12 p- B 
p27 
avoid Y12 p- B 
p28 
avoid Y12 p- B 
p29 
empty Y12 p- B 
p30 
empty empty Y12 p- B 
p31 
F Y12 p- B 
p32 
Y12 p- B 
p33 
Y12 p- B 
p34 
Y12 p- B 
p35 
Y12 p- B 
p36 
Y12 p- B 
p37 
Y12 p- B 
p38 
empty Y12 p- B 
p39 
empty avoid Y12 p- B 
p40 
G Y12 p- B 
p41 
empty Y12 p- B 
p42 
avoid avoid Y12 p- B 
p43 
Y12 p- B 
p44 
Y12 p- B 
p45 
empty empty Y12 p- B 
p46 
avoid 
H empty empty avoid Y12 p- B 
p47 
empty Y12 p- B 
p48 
empty Y12 p- B 
p49 
Y12 p- B 
p50 






Freezer Box: JW24 
Contents: Petite strains generated from JW15a1 ρ26 1A after 2.5 hours of EtBr treatment. Individual colonies were picked from the 
same culture based on growth on YPDG by the robot. 
Purpose: Generate petites that can be used to map the temperature resistance allele(s) in the Y12 mtDNA. 
Strain designations: JW1956 Y12 p- C p1-89 
Wells that showed unexpected growth patterns were avoided. 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A Y12 p- C 
p1 
Y12 p- C 
p2 
avoid empty Y12 p- C 
p3 
Y12 p- C 
p4 
Y12 p- C 
p5 
Y12 p- C 
p6 
Y12 p- C p7 Y12 p- C 
p8 
Y12 p- C 
p9 
Y12 p- C 
p10 
B Y12 p- C 
p11 
Y12 p- C 
p12 
Y12 p- C 
p13 
Y12 p- C 
p14 
Y12 p- C 
p15 
Y12 p- C 
p16 
Y12 p- C 
p17 
Y12 p- C 
p18 
**RHO+***Y12 p- C 
p19 
Y12 p- C 
p20 
Y12 p- C 
p21 
Y12 p- C 
p22 
C Y12 p- C 
p23 
Y12 p- C 
p24 
Y12 p- C 
p25 
Y12 p- C 
p26 
Y12 p- C 
p27 
Y12 p- C 
p28 
Y12 p- C 
p29 
Y12 p- C 
p30 
Y12 p- C p31 Y12 p- C 
p32 
Y12 p- C 
p33 
Y12 p- C 
p34 
D Y12 p- C 
p35 
Y12 p- C 
p36 
Y12 p- C 
p37 
avoid Y12 p- C 
p38 
Y12 p- C 
p39 
Y12 p- C 
p40 
Y12 p- C 
p41 
Y12 p- C p42 Y12 p- C 
p43 
Y12 p- C 
p44 
Y12 p- C 
p45 
E Y12 p- C 
p46 
Y12 p- C 
p47 
Y12 p- C 
p48 
Y12 p- C 
p49 
Y12 p- C 
p50 
Y12 p- C 
p51 
Y12 p- C 
p52 
Y12 p- C 
p53 
Y12 p- C p54 Y12 p- C 
p55 
Y12 p- C 
p56 
Y12 p- C 
p57 
F Y12 p- C 
p58 
Y12 p- C 
p59 
Y12 p- C 
p60 
avoid Y12 p- C 
p61 
Y12 p- C 
p62 
Y12 p- C 
p63 
Y12 p- C 
p64 
Y12 p- C p65 Y12 p- C 
p66 
Y12 p- C 
p67 
Y12 p- C 
p68 
G Y12 p- C 
p69 
Y12 p- C 
p70 
Y12 p- C 
p71 
Y12 p- C 
p72 
empty avoid Y12 p- C 
p73 
Y12 p- C 
p74 
Y12 p- C p75 Y12 p- C 
p76 
empty Y12 p- C 
p77 
H Y12 p- C 
p78 
Y12 p- C 
p79 
Y12 p- C 
p80 
Y12 p- C 
p81 
Y12 p- C 
p82 
Y12 p- C 
p83 
Y12 p- C 
p84 
Y12 p- C 
p85 
Y12 p- C p86 Y12 p- C 
p87 
Y12 p- C 
p88 






Freezer Box: JW25 
Contents: Petite strains generated from JW15a1 ρ26 1A after 2.5 hours of EtBr treatment. Individual colonies were picked from the 
same culture based on growth on YPDG by the robot. 
Purpose: Generate petites that can be used to map the temperature resistance allele(s) in the Y12 mtDNA. 
Strain designations: JW1957 Y12 p- D p1-94 
Wells that showed unexpected growth patterns were avoided. 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A Y12 p- D 
p1 
Y12 p- D 
p2 
Y12 p- D 
p3 
Y12 p- D 
p4 
Y12 p- D 
p5 
Y12 p- D 
p6 
Y12 p- D 
p7 
Y12 p- D 
p8 
Y12 p- D 
p9 
Y12 p- D 
p10 
Y12 p- D 
p11 
Y12 p- D 
p12 
B Y12 p- D 
p13 
Y12 p- D 
p14 
Y12 p- D 
p15 
Y12 p- D 
p16 
Y12 p- D 
p17 
Y12 p- D 
p18 
Y12 p- D 
p19 
Y12 p- D 
p20 
Y12 p- D 
p21 
Y12 p- D 
p22 
Y12 p- D 
p23 
Y12 p- D 
p24 
C Y12 p- D 
p25 
Y12 p- D 
p26 
Y12 p- D 
p27 
Y12 p- D 
p28 
Y12 p- D 
p29 
Y12 p- D 
p30 
Y12 p- D 
p31 
Y12 p- D 
p32 
Y12 p- D 
p33 
Y12 p- D 
p34 
Y12 p- D 
p35 
Y12 p- D 
p36 
D Y12 p- D 
p37 
Y12 p- D 
p38 
Y12 p- D 
p39 
Y12 p- D 
p40 
Y12 p- D 
p41 
Y12 p- D 
p42 
Y12 p- D 
p43 
Y12 p- D 
p44 
Y12 p- D 
p45 
Y12 p- D 
p46 
Y12 p- D 
p47 
Y12 p- D 
p48 
E Y12 p- D 
p49 
Y12 p- D 
p50 
Y12 p- D 
p51 
Y12 p- D 
p52 
Y12 p- D 
p53 
avouid Y12 p- D 
p54 
Y12 p- D 
p55 
Y12 p- D 
p56 
Y12 p- D 
p57 
Y12 p- D 
p58 
Y12 p- D 
p59 
F Y12 p- D 
p60 
Y12 p- D 
p61 
Y12 p- D 
p62 
Y12 p- D 
p63 
Y12 p- D 
p64 
Y12 p- D 
p65 
Y12 p- D 
p66 
Y12 p- D 
p67 
Y12 p- D 
p68 
Y12 p- D 
p69 
Y12 p- D 
p70 
Y12 p- D 
p71 
G Y12 p- D 
p72 
Y12 p- D 
p73 
Y12 p- D 
p74 
Y12 p- D 
p75 
Y12 p- D 
p76 
Y12 p- D 
p77 
Y12 p- D 
p78 
Y12 p- D 
p79 
Y12 p- D 
p80 
Y12 p- D 
p81 
Y12 p- D 
p82 
Y12 p- D 
p83 
H Y12 p- D 
p84 
Y12 p- D 
p85 
Y12 p- D 
p86 
Y12 p- D 
p87 
Y12 p- D 
p88 
Y12 p- D 
p89 
Y12 p- D 
p90 
Y12 p- D 
p91 
Y12 p- D 
p92 
Y12 p- D 
p93 







Freezer Box: JW25 
Contents: Petite strains generated from JW15a1 ρ26 1A after 2.5 hours of EtBr treatment. Individual colonies were picked from the 
same culture based on growth on YPDG by the robot. 
Purpose: Generate petites that can be used to map the temperature resistance allele(s) in the Y12 mtDNA. 
Strain designations: JW1958 Y12 p- F p1-90 
Wells that showed unexpected growth patterns were avoided. 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A Y12 p- F 
p1 
Y12 p- F 
p2 
Y12 p- F 
p3 
Y12 p- F 
p4 
Y12 p- F 
p5 
Y12 p- F 
p6 
Y12 p- F 
p7 
Y12 p- F 
p8 
avoid Y12 p- F 
p9 
Y12 p- F 
p10 
Y12 p- F 
p11 
B Y12 p- F 
p12 
Y12 p- F 
p13 
Y12 p- F 
p14 
Y12 p- F 
p15 
Y12 p- F 
p16 
Y12 p- F 
p17 
Y12 p- F 
p18 
Y12 p- F 
p19 
Y12 p- F 
p20 
Y12 p- F 
p21 
Y12 p- F 
p22 
Y12 p- F 
p23 
C Y12 p- F 
p24 
Y12 p- F 
p25 
Y12 p- F 
p26 
Y12 p- F 
p27 
Y12 p- F 
p28 
Y12 p- F 
p29 
Y12 p- F 
p30 
Y12 p- F 
p31 
Y12 p- F 
p32 
Y12 p- F 
p33 
Y12 p- F 
p34 
Y12 p- F 
p35 
D Y12 p- F 
p36 
Y12 p- F 
p37 
Y12 p- F 
p38 
avoid Y12 p- F 
p39 
Y12 p- F 
p40 
Y12 p- F 
p41 
Y12 p- F 
p42 
Y12 p- F 
p43 
Y12 p- F 
p44 
Y12 p- F 
p45 
Y12 p- F 
p46 
E Y12 p- F 
p47 
Y12 p- F 
p48 
Y12 p- F 
p49 
avoid Y12 p- F 
p50 
Y12 p- F 
p51 
Y12 p- F 
p52 
Y12 p- F 
p53 
Y12 p- F 
p54 
Y12 p- F 
p55 
Y12 p- F 
p56 
Y12 p- F 
p57 
F Y12 p- F 
p58 
Y12 p- F 
p59 
Y12 p- F 
p60 
Y12 p- F 
p61 
Y12 p- F 
p62 
Y12 p- F 
p63 
Y12 p- F 
p64 
Y12 p- F 
p65 
Y12 p- F 
p66 
Y12 p- F 
p67 
Y12 p- F 
p68 
Y12 p- F 
p69 
G Y12 p- F 
p70 
Y12 p- F 
p71 
Y12 p- F 
p72 
Y12 p- F 
p73 
Y12 p- F 
p74 
Y12 p- F 
p75 
Y12 p- F 
p76 
Y12 p- F 
p77 
Y12 p- F 
p78 
Y12 p- F 
p79 
Y12 p- F 
p80 
Y12 p- F 
p81 
H Y12 p- F 
p82 
Y12 p- F 
p83 
Y12 p- F 
p84 
Y12 p- F 
p85 
Y12 p- F 
p86 
Y12 p- F 
p87 
avoid Y12 p- F 
p88 
Y12 p- F 
p89 







Plate: Y12PM09 (using the same names as the plates from which these strains were copied. See next page for names used in strain 
log) 
Freezer Box: 96 well plate rack 
Contents: Petite strains generated from JW15a1 ρ26 1A after 2.5 hours of EtBr treatment. These strains were selected based on their 
ability to confer a high growth phenotype when crossed to a strain with YJM975 nuclear YJM975 mtDNA. 
Purpose: Generate petites that can be used to map the temperature resistance allele(s) in the Y12 mtDNA. 
Strain designations: JW1960 Y12 p- Tr+ p1-48 
Wells that showed unexpected growth patterns were avoided. 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A C1 rho S1- 
2.5 hr p20 
C1 rho S1- 
2.5 hr p47 
C1 rho S1- 
2.5 hr p60 
C1 rho S1- 
2.5 hr p79 
C1 rho S1- 2.5 hr 
p83 
Y12 p- A 
p3 
empty empty empty empty empty empty 
B Y12 p- B p30 Y12 p- B p39 Y12 p- B p40 Y12 p- C p13 Y12 p- C p19 *strain 
is rho+* 
Y12 p- C 
p28 
empty empty empty empty empty empty 
C Y12 p- D p25 Y12 p- D p27 Y12 p- D p28 Y12 p- D p38 Y12 p- D p51 Y12 p- D 
p42 
empty empty empty empty empty empty 
D Y12 p- F p16 Y12 p- F p20 Y12 p- F p4 Y12 p- F p38 Y12 p- F p48 Y12 p- F 
p52 
empty empty empty empty empty empty 
E Y12 p- A p14 Y12 p- A p24 Y12 p- A p27 Y12 p- B p10 Y12 p- B p13 Y12 p- B 
p23 
empty empty empty empty empty empty 
F Y12 p- C p47 Y12 p- C p53 Y12 p- C p62 Y12 p- C p74 Y12 p- D p2 Y12 p- D 
p18 
empty empty empty empty empty empty 
G Y12 p- D p53 Y12 p- D p57 Y12 p- D p67 Y12 p- D p80 Y12 p- D p20 Y12 p- F 
p5 
empty empty empty empty empty empty 
H Y12 p- F p53 Y12 p- F p59 Y12 p- F p66 Y12 p- F p78 Y12 p- F p83 Y12 p- F 
p86 




Plate: Y12PM09 (strains were renamed, and these names used in strain log) 
Freezer Box: 96 well plate rack 
Contents: Petite strains generated from JW15a1 ρ26 1A after 2.5 hours of EtBr treatment. These strains were selected based on their 
ability to confer a high growth phenotype when crossed to a strain with YJM975 nuclear YJM975 mtDNA. 
Purpose: Generate petites that can be used to map the temperature resistance allele(s) in the Y12 mtDNA. 
Strain designations: JW1960 Y12 p- Tr+ p1-48 
Wells that showed unexpected growth patterns were avoided. 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A Y12 p- Tr+ 
p1 
Y12 p- Tr+ 
p2 
Y12 p- Tr+ 
p3 
Y12 p- Tr+ 
p4 
Y12 p- Tr+ p5 Y12 p- Tr+ 
p6 
empty empty empty empty empty empty 
B Y12 p- Tr+ 
p7 
Y12 p- Tr+ 
p8 
Y12 p- Tr+ 
p9 
Y12 p- Tr+ 
p10 
Y12 p- Tr+ p11 *strain 
is rho+* 
Y12 p- Tr+ 
p12 
empty empty empty empty empty empty 
C Y12 p- Tr+ 
p13 
Y12 p- Tr+ 
p14 
Y12 p- Tr+ 
p15 
Y12 p- Tr+ 
p16 
Y12 p- Tr+ p17 Y12 p- Tr+ 
p18 
empty empty empty empty empty empty 
D Y12 p- Tr+ 
p19 
Y12 p- Tr+ 
p20 
Y12 p- Tr+ 
p21 
Y12 p- Tr+ 
p22 
Y12 p- Tr+ p23 Y12 p- Tr+ 
p24 
empty empty empty empty empty empty 
E Y12 p- Tr+ 
p25 
Y12 p- Tr+ 
p26 
Y12 p- Tr+ 
p27 
Y12 p- Tr+ 
p28 
Y12 p- Tr+ p29 Y12 p- Tr+ 
p30 
empty empty empty empty empty empty 
F Y12 p- Tr+ 
p31 
Y12 p- Tr+ 
p32 
Y12 p- Tr+ 
p33 
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empty empty empty empty empty empty 
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p39 
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p40 
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p42 
empty empty empty empty empty empty 
H Y12 p- Tr+ 
p43 
Y12 p- Tr+ 
p44 
Y12 p- Tr+ 
p45 
Y12 p- Tr+ 
p46 
Y12 p- Tr+ p47 Y12 p- Tr+ 
p48 





Plate: JWT01  
Freezer Box: 96 well plate rack 
Contents: Haploid strains derived from tetrad dissection of C1 rhoC1/S1 G1 d10 or C1 rhoC1/S1 G1 d11. 
Purpose: Determine the segregation pattern of phenotypic difference between d10 and d11. 
Strain designations: 
JW1975 C1 rhoC1/S1 G1 d10 t5 s1-4 through JW1985 C1 rhoC1/S1 G1 d10 t15 s1-4 
JW1986 C1 rhoC1/S1 G1 d11 t5 s1-4 through JW1996 C1 rhoC1/S1 G1 d11 t15 s1-4 
 
1 2 3 4 5 6 7 8 9 10 11 12 
A C1 
rhoC1/S1 
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